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Foreword

This book is one of three prepared by the staff of the Science and
Technology Division of the Library of Congress, at the request and with
the financial support of the Directorate of Materials and Proceeses
(Materials Central), Wright-Patterson Air Force Base, Ohio. These
three books have been compiled and published as part of the activities
of the Materials Central in connection with the celebration of its
forty-fifth year us the center of materials research and development
for the United States Air Force. Three activities of Materiala Ceitral
are highlighted in these publications. One is a compilation of award-
winning technical papers prepared by Materials Central personnel,
the second is e collection of abstracts of scientific and technical papers
and reports prepared by Materials Central and its scientific and
industrial contractors during the past decade and a half, and the
third is & chronology of sigunificant. materials ¢vents beginning forty-
five years ago and ending in the present. It is believed these three
books will provide a valuable permanent set of references to anyone
interested in the materials sciences.




Introduction

The Charles J. Cleary Award of the Materials
Central was established in 1951.

The purpose of this award is to stiinulale inter-
nal technical activity within the Materials Central
by recognizing the outstunding reports and papers
published by the personnel of the Central, and in
so doing, provide a means to honor the memory
of Charles J. Cleary, who made so many significant
contributions to the materials sciences.

From the candidate papers nominated by the
respective laborutory chiels, a final selection is
made by a committee representing all of Lhe
laboratories of the Centrul. In addition to the
winning paper, three candidate papers receive
honorable mention.

1t is fitting that this award, established to pro-
mote progress in the materials sciences, should
honor Charles J. Cleary, who contributed so
greatly to the solution of monumental materials
problems. Born on October 12, 1891, in Boston,
Massachusetts, he graduated from the Lowell
Textile Institute with a degree in textile engineer-
ing (ca. 1915). Upon leaving the Institute, he
was employed with the Textile Division of the
National Bureau of Standards.

When the United States became actively en-
gaged in World War I, Mr. Cleary resigned his
position at the Bureau of Standards and enlisted
in what was then the Avintion Section of the Signal
(Corps. He was accepted for pilot training and,
after receiving his wings, was an instructor (or
several months. e was later transferred to
Lungley Fickl where he was assigned to camou-
flage development. He wal the pilot on the first
nirplane flights to. demonstrate the effectiveness
of aircraft camouflage over land and water.

In 1920, he was transferred to McCook Field,
Dayton, Ohio, where he became Chief of the
I'extiles Branch of the Materials Laboratory,
which had come into being about a year previ-
ously. Here he was nctively engaged in both the
fabric und finishes for fabric covered nircraft.

Under his direction, a cotton cloth, which with
modification is being used today, was developed to
replace imported linen and the finish was changed
from an expensive and temperamental cellulose
acelate to the cellulose nitrate doping system.
The Air Force still uses cellulose nitrate dope for
fabric covered airfoil surfaces.

Ist Lt. Cleary reverted to reserve status in the
late 1920’s, but remained active in the Reserve
Corps and maintained his pilot proficiency for
another ten years. He held the rank of major at
the time he became inactive in the Reserve Corps.

Along with his activity in textiles, he held the
responsibility for the development of rubber prod-
ucts, including aircraft tires. At the outbreak of
World War 11, two critical problems were placed
in his hands. '

One of these problems was the development of
a textile mnaterial for parachutes. Although work
had continued for years on the development of a
substitute for Japanese silk for parachutes, it was
not until the discovery of nylon that a promising
material came into light. Mr. Cleary was one of
the first to receive samples of the newly discovered
fiber. and, after initial tests, went all out to stimu-
late development and production of nylon para-
chutes. Without his untiring effort, the air war
might have been waged without parachutes, or at
best, with an ersatz item. The nylon parachute is
a lasting memorial to his contribution to aviation
history.

The second problem was the almost overnight
requirement to change aircraft tire production
from what approached pilot plant scale to a pro-
duction line item. Aflter getting tire production
lines well under way in the United States, Mr.
Cleary was selected as one of a group to establish
production facilities for B~17 tires in England.

Like silk, the supply of natural rubber was cut
off by Japan. Faced with the problem of rapidly
dwindling supplies of natural rubber, Mr. Cleary
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immediately pressed the wartimme-developed syn-
thetic rubbers into use for Air Force equipment.

In addition to his technical capabilities, Mue.
Cleary had a personality that is rarely found.
He had few equals in his ability to influence people
and make [riends. His nbility to meet any situa-
tion with an appropriate anecdote was known
throughout the Air Force.
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Mr. Cleary's health began to fail during the last
two years of the war. He suffered a fatal heurt
attack on returning from n local high school foot-
ball game on the evening of Septeniber 29, 1945
He was 53 years old. At the time of his death,
Mr. Cleary held the dual position of Assistant
Chief of the Materials Laboratory and Chief of
the Textiles and Rubber Branch.
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INTRODUCTION

Present developiients in nirerafi design necessi-
inte precise Knowledge about, the behavior of
materials under elevated temperatures nned com-
bined stresses.  An essentin! component in modern
aircraft is the jet engine. The inaterinls exposet
to the most severe conditions in such an engine are
thoee used in the design of combustion chambers,
vanes atd buckets. These components huve to
operate without failure for about 1,000 hours. The
mast unfavorsble conditions prevaid i buckets
due to the combination of eentrifugul stresses,
vibrations uml temperatures imposed. In the
investigntion of turhine buckets the atress in the
matenal under observation § uffected by such
variables as shape, loud, tesmperuture, modulus of
elasticity, damping due to fastening, und internal
frictich in the matrrial.  Because one or wore of
thewe variahles affect cach bucket, many types of
bucket failures have been observad.  The investi-
petion described in this paper wes undertaken to
determine the influences of stress on bucket failure.

For mauy years the NACA conducted engine
teats on he stiad to investigate bLuckets by
measuning stresses and straing at opecating spreds
and tetmiperutures.  Vory valuable information
was obtuined. Howcever, the actual operution of
the ~ngine for such tests inmposed considerable
restrictions on the type of measurement and the
locationa from which most reliable dute coukd be
obtained. In addition the instrumentation of
awh & lest engine becanw very complex and
exponsive.  Despite this effort only certain retive
of contrifugal to vibralioual loacds could be realized,
while other load ratios apparently occurred in
engines during fight.  These corsiderations and

ronsequently the desire 1o devise a simpler nethod

Elevated Temperature Fatigue Testing of
Turbine Buckets
A. HERZOG

Part 1. Calculations of Natural Frequencies and Stresses and Proposed
Testing Mcthods

to simulate service conditione led to the develop-
ment of the test method to be presented. A satis-
fuctory Inboratory test will ussure sufficient flexi-
hility provided that the rutio of axial to the
vibratiosini bending load can be adjusted to all
pertinent values and ¢ the amplitudes ure large
cuough to obtain fatigue failures within short ti:ne
periods. The latter condition is ecesential for
eatablighing <-N diagrams in the lifetime range of
the speciinens.

in the engine test it is difficult to cecurately
deterinine the number of cyeles to failure. The
eugine has to be stopped in order 10 check the
buckets for the start of fatigue failures, and the
cooling anrd thermul ofecta itpose unknown
stresses on the buckets.  Successive engine starts
will involve similar stressen in the opposiie direc
tion, therthy clouding the finul results.  Any
approach attempted should try to eliminate such
difficultirs. However, disndvantages alsn have 10
be tolerated for the banefit of obtaining a simple
teat arrungeinent.  Onee such a test procedure is
developed it may be used for testing not oaly
turbine buekets but .lso similarly loaded parts in
the enyine like compressor blanes, compressor
vanes in various shapes and fastenings at any
\« nperature desired and with the application of
various ratios of tension to hercding streases.

It s emphasized tha: the tests presonted ap.
proxitate seevice conditions in such & way that
they simulate the main forces acting and thet the s
can be checked by other considerations. During
actue! service operation other smaller and les
influcntial forces may be superimposed over the
fundunental strem distribution which ey change
failure locations. However, the imain distribution
of forces is mmintained.  The testa were conduetaa
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at the fundamental frequency of the bucket in-
cluding the additionnl mmnsses of the test equip-
raert.  1¢ under these ecircnistances the experi-
mental results coincide with the results obtained
from service, provided the latter pertain to the
same vibrational mmode, i. can be assuined that the
point where the faiiure occurs is located at the
critical fibre in bn (h test and service. This leuds
to the concept thai despite a substitution of the
static load for the centrifugal load the relative
stress distribution closely approaches that obtained
in service.

In the specific ense of operating a bucket in an
cugine additional stresses such us thermal and
acrodynamic stresses may be superimposed ove,
the fundamental stress systein.  Thermal stresses
ocenr only when the engine is starting or i cooling
therefore occurring during n relatively short por-
tion of the operational time. Aecrodynamie
stresses sre continuously present; however, their
magnitude is not very large. The refincinent of
the test procedure including such additional infiu-
cnces may be exercised in future.

Basically the approach selecte® permits «
caleulation of the main stresses 00 e gxpected
in operating a bucket whirly fias Seew designed
for aerodynamic efficiensy. ANer eoraglietion
of such a calculation the mecessayy information
is cYtained for prediction of saxenum stresses
pertaining to the assumied speed and unt amplie
tude of the vibration.

The comperison between the maximum stress
for the bucket material and the multiple of the
Wit stress previousy calculated indicates the
maximum possible amplitude which can be
permilted without failing the bucket. 1f the
maximum permissible amplitude stays below
amplitudes ususlly obtained for buckets consider-
ing the damping factors resulting from the root
festecing and the internal damping of the material
st tempersture, the part will be designed safely (o
resist fatigue failures.

TEST METHOD

The factors just :mentioned and particularly
the action of external forces as they act on
buckets during engine operstion were considered
in the derclopumient of the test device shown
schematically in Fig. ). The turbine wheel is
suspended in « fork by a center bolt which
ean be tightened to keep the wheel from ro-
tating. The fork can be rotuied around the
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Tess stand for service simulated bucket
énvestigation.

Fisvaw 1.

center axis of #h@ frame struciure and is fas-
tansd with @ o ga ehe proper position to the
upper part of the frame. The centrifugal force
can then Be sinsluted by a static axial load
applied to ¢hebualket by aneans of wedging iaws.
Fig. 2 shows the uigping srrangenient on the
bucket. The fawd wedge into n centerpiece
which has seetings for Rnife edges aligned lateral
to the bucket axis. The knife edge axis was
directed through the centroid of the croes section
area of the bucket at the fastening locaiion. A
ting with supports for the knife edges ns ashown in
Fig. 2 transmits the axial force to a pull bar
which in turn is fastenad to & nut with a washer,
both with sphericsl contact fuces in order ro allow
for alignment. In tightening this nut any de-
tied tengile {orce may be spplied to the bucket.

Fravag 2. Hueket grin and atinchiment with fivedom for

luteral vibration.




However, some freedom of movemeni s still
possible for laterally applied vibrational forces
due to the knife edge arrangement. The lateral
forces are introduced into the system at the ring
mentioned above and the ring is vibrated at 150
cveles per second, the natural frequency of the
bucket system. The ¢ oss section 6 the bucket
is curved and in order to prevent undesired
stress from being introduced by the grips, the
wedging *ows have to fit this curvature aceurately.

The uppl wtion of an axial load to the bucket
instead of a centrifugal force produces a dif-
ference tn the stresses applied. However, for
investigative purposes the stress in the criti-
cal area may be adjusted to the proper value.
Since =maller moments oceur nearer the bucks:
tip than at the eritical cross section and since
the temperature is lower in this region, the sig-
nificant combined axial and bending stress is
still to be expected ut the critical cross section.

Parallel to the axis of the knife edges the
armature of the vibration generating maguet
is f,stened. The magnet i. located in {ront of
the armature leaving an airgap of 0.064 inch.
For maximuin efticiency at a given amplitude
the proper size of this gap is critical. How-
ever. the N.064-inch gap size was satisfactory
and was kept cunstant throughout the investiga-
tior. The magner cail is activated by a 3,000
watt amplifier manufactured by Onkton Engineer-
ing Company of Chicago. The amplifier was
designe * te furnish the fundamental and second
harmonic frequecies of t'e buckets with large
amplitudes.  This i. necessary because short
titie fatigue tests whick can be carried out only
with larpe stresses consequently require large
amplitudes.

The bucket airfoil sections between the root
and the grip were neated inductiveiy.  The in.
duction ieating ~oil ans shaped and the dis-
tance from the specimen was maiimined such
that the smme temperaturs  distritmtion over
the included length as obtained ws that iueasured
during enpine  operation in  test stands. So
far not 'nany actual temperature mea artineils
over the anirfoil length of the bucket have been
mude it operating engines and no information is
availuble from nctual flight conditions.  However.
when these datu rre obtained actunl conditions
can be repowduced.  The frequeney  used for
incuction heating was 30 me. The hen.er had n
capacity of 3.5 kw nad full ontput energy wax
seldon necessary.  In coatinuous operation for

fatigue tests the temperature couid be kept
fuirly constant  withoumt additionul refinements
provided drafts in the testinzg room were preventesl.

INSTRUMENTATION
{a) Axial Load Meusurements

As indicated before, several variables had to be
maitntained constunt m order to interpret the
results clearly.  Fig. 3 shows a general view of the

test arrangetient with test stand, amplifier, induc-
tion heater and temperature recorder,

Frorre 30 Generad arrangetient of the test equipment.
The axial lond was checked and adjusted by
strain gages on the axial pull bar. For precise
results the modulus of elasticity of the bar material
is essentinl. [t was determined separately bv a
cueeful investigation.  During the tests the load
originally applicd was checked frequently.

The creep of the hucket material at high te.n-
perature levels could have been n factor. Thus
tests were made to determine tie influence to be
expected by impusing a onstant tensile load.
This investigation showed that for the axial loads,
minterials, and temperatures used, no significant
influence could be measured over extended time
periods. Thersiore the control of this varishle
was neglecte.

The actual st esses on the bucket in the critical
nren Were pieasured  with strain gages at rocn:
temperatuie.  For this purpose ten electrical strain
pagee were pluced amund the perimeter of the
citical cruss section. These gages were used jor
static and dynamic ieasurements.  One compen-
wating gage was wlilized in connection with a suita-
ble switch wnd un SR-4 steain indicator.  For
static Lieasureients the switeh permitted the sub

-
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ssitution of individual active gages on the bucket
in the measuring circuit.

th) Dvnamic Measurements

For dynuimic measurements the active gage was
used as onc arin in a bridge operated with a 3-volt
battery us show. schematically in Fig. 4. The

////////,/)?
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VIGURE 4. Strain gage cirenit for dyvnasnic measufements,
potential across the bridge was fed into an inverter
amplifier, the output of which was connected to
the Y-axis of & Dumont dual bean oseilloscope.
Starting from the point where the axial load was
applied to the bucket the plain vibrational stresses
could be measure

For elevated temperatures the strains couid not
he measured hecause of space limitations and in-
fliences by the induction coil.  In this case deflec-
tior readings were taken and the corresponding
stresses on the bucket at the desired locnion were
ealeututed from the deflection using the steess and
deflection measurements at room temperatvre as
a calibration. The deflection during vibration at
ten perature was detertnined by applyving a mirror
to the jaw holder and utilizing a Strobotac and
scale us shown in Fig. 5. Adjusting the Strohotae
to approximately the operating frequency of the
bucket, deflection angle could be read in radinna

Frarne 8. Optieal system  for measuring  dynamle

deflection,
8

hy means of x telescope which wus aimed at the
mirror so that the seanle in front of the Strobotac
could be read. The mirror Lolder was rigid in
order to have no natural vibration of its own in
the vicinity of the test frequencies and conse-
quently no difference in reading v-as obtained he-
tween a irror on the bucket snd one at the jaw
holder. Therefore it could be assumed that the
readings with the mirror on the jaw holder
reflected the true deflection of the bucket at the
gripping location.

For futigue measurements the nuinber cf cycles
to failure have to be determined. This was accom-
plished by checking the vibration frequency of the
bucket as closely as possible and by miasuring
the elapsed time to failure. The amplifier was
equipped with a timer which was activated at the
instant the plate voltage was applied which cor-
sponds so the instant when vibrations were
generateq.

The tucket system was vibrated at the funda-
mental frequet . v which was fairly low due to the
additional masses necessary fo. applying the statie
and the vibrationai bending forces.

The overall svst - inside the frate has several
resonance points.  Beside the actual bucket fre-
queney the mest noticeable other resonant fre-
mquencics were those of the frame, the frame on
s supports and the cantilever support plate for
the magnetie driver.  However, all of these were
fuirly well displaced Zromn the bucket frequeney
thus imposing no specinl problems.  Nevertheless,
one other frequeney enused difficulties in some
This frequency was the natural torsional
frequency of the bucket. It is well known that
the fundnmental torsional and bending frequencies
are often close in purts which have low natural
frequencies.  In this investigation the separation
of these two frequencie s wax complicated due to the
serew (vpe neutral axis which produced a small
amount of torsionnl moveent under bending
londs However, this (ifficulty was overcome by
the addition of small masses on the ring thus
displacing the bemding from the torsional resonunce
point. A sidelight which might be noted here is
that the influence of frequency on [utigue imits is
being investignted sepurately and imny be reportel
at u Inter time ng o theoretical evaluation.

CHNEN,

(¢) Temprrature Meusurements

The measnrement of  temperatures  at  the
heated section of the bucket presented :ame




problems.  These  tests were combieted  using
a Radiamntic pyrometer with a Honevwell re-
corder set for a temperature range of S00° F 1o
1900° F. The optieal system in the Radiamatie
was designed for a distanee of 6 inches from the

heated surfuce amd o turget anen of Yineh. Thas

it was possible to nim the deviee between two

turns of the heating il The aieford aren was
then cheeked for temperature distribution e the
anial and in the lateral direction. The sune
indicating loeation at the traling edge was nsed
for recording the nominal temperature during
stecessive fatigue tests,

The calibration of the Radisinatic is eritical
beenuse it s 1 total radintion pyrometer which
waus adjusted to black body tewperature, Thus
the emissivity of the bucket  materiai umler
operational conditions has to be the base for the
measurements.  In order o eadibrate the deviee
a small dise of the material 1o be measured was
placed inside n crueible which was loeated moa
metal tube.  The dise was hieated by o resistanee
wire coil inside the tube.  For comparizon of
temperntures a thernncouple was webded to the
dise and the Radinmatie was abaed at the loeation
controlled by the  thermocouple.  Calibration
teadings were taken aftee the dise was oxidized on
the surfuce over an extended time period. Tnothis
wav the Budinmatic was set o coincide with the
thermocouple rendings and this temperature was
assumed for setting the bueket temperature at the
hettest aren of the testling wlge.

Nchettie diagrane of dynamie ealibration
instrumentation,

EVALUATION OF STRESS
MEASURENMENTS

Freuny v,

The uxinl strains cieasucad wt the previously
mertioned 10 locations wround the perimeter of
the eritien] eross seetion of the bueket were used

SN e

STRESSES ON CONVEX SIDE

CROSS SECTION AREA OF THE BUCKET
AND STRAW GAGE LOCATIONS

Frot ke 7. Distribution of axial stresses on the coneave

and conves sides of the eross section,

to calealute the stresses. For this ealealation the
modulus of elasticity of the bucket material at the
applicable teimperature was atilized. Four series
of rendings were taken and averaged.

The stresses were plotted  together with a
presentation of the cross seetion area of the
bucket at the eritical loeation in the direetion in
which they uet as shown in Fig. 7. Then the
equilibriun between the external and the internal
forees at this section was checked.  The deviation
between the applied and the caleuluted forees was
w63 pereent. However every cuse investigated
showed so'ne bending in addition to the axial
faree, as shown in Fig. 7. This hending was due
both to the bucket shape with its serew type
neutral axis and the tilt of the bucket away froim
the radial direction.

In operating engines these bending stresses will
ulso be superimposed on the plain centrifugal stress
for the same rensons althourh their magnitude will
pootably be different. The only essential differ-
ence hetween stresses ¢n the bucket in this test
and the actual operation of a bucket in an engine
ix the distribution of stresses over the length. 'n
the test stand the constant axial load produces in-
creasing stresses toward the bucket tip becwu e
of the deerensing cross sectional aren whereas in
the operating engine stresser increase toward the
reot beenuse of the mass inerease with increasing
distance from the tin.  The tilt of the bucket s
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used in some designs to comnensate for the gas
forces though this compensatin: is exactly true
only for one fixed speed of the wheel and for a
certain temperature and will not hold for different
conditions. [t is therefore questionable whether
such a design will be beneficial.

One purpose of this investigation was the com-
parison of fatig, .o stresses in eritieal fibres under
combined loads with the results obtained in the
conventioral axial loading {atigue tests. The crit-
icul fibres in fatigue in this test are those on the
lending edge.  The static axial stress on these
tibres is frequently close to zevo so that only com-
nletely reversed dyniimie stresses have to be con-
sidered. Therefore if the test results obtained
from the test stand for the buckets and from re-
versed hending load fatizue test muachines agree
for the same maximwn stress then the design
stresses for various bucket desizns ean be deter-
mined theoretically by using reversed bendinz
load fatigue test data.

The dynamic stresses due to vibrational bend-
ing were investi;anted separately as mentioned.
In preparation for this measureinent calibration
of the instruments was necessary showing the re-
lationship between dynamic stress on the beam
and amplitude on the oscilloscope screen. Fig. 6

shows schematically the arrangement for the cali-
bretion in which a cantilever beam of uniforin

cross section over the length was used. Using

$ STRESSES ON CONVEX SIDE
: OF THE BUCKET

Froere 8. Distribution of dynamic stresses on the
concave aad convex sides of the cross section.
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the standard static relutionship the stress at the
location of the strain gage was calculated from
the deflection and plotted agrainst the amplitude
on the oscilloscope sereen. Nince both the in-
verter amplifier and the oscilloscope hud linear
characteristics a linear relationship between the
two variables resulted.

For the dynaiiic ineasurements on the bucket a
bridgze circuit was used as previously described.
Thus the stresses around the perimeter of the
bucket at the critical cross section could he meas-
ured at room tenperature.  The result was plotted
as shown in Fig. 5. It can be seen that the stress
distribution does not represent plain bending be-
cuuse the compression aind tension forces are not
equivalent. The areas on each side of the plane
through the centroid parallel to the main bending
plane are different in size. The reason for this
result is the arranzement oi the vibrating system.
When tlis svstem is moved perpendicular to the
svstem axis at the point where the axial force is
applied 1o the bucket this axial force increased
with increasing lateral amplitudes. Fer high axial
forces and rigidity in respect to length these forces
may increase considerably. Consequently the
measurements include the increase in axia! force.
Fig. 9 can not be interpreted as a simple super-
position of Fig. 7 and Fig. 8. because the dynamic
stress shown in Fig. 8 was increased proportionally
to such an extent that the maximum combined
stress would be equal to the stress at the endur-
ance limit of the materinl. Fig. 9 therefore shows
the maximum permissible stress at the edge of
the bucket and the distribution of related stresses
around the cross section.

Iz order to check the variation of axial force
with lateral amplitude, measurements of the
change of axial force were made by connecting
the calibration system for dynamic stress meas-
urements to the strain gages on the pull bar.
Considerable non-linear increase of axial stress wus
obtained as the lateral amplitude was increased.

Measurements were conducted for one aniplitude
with all ten readings taken around the perimeter
of the cross sectivn. An additional invcstigation
determined the relationship of the axial stress to
ampliiude. These basic calibration data w.re suit-
able for application to the theoretical evaluation
of the actual stresses on the bucket.

For the evaluation of the dynamic measure-
inents the dingram of the stress distribution
had to be corrected because it increases the
superimposed axial forces resulting from ‘he




deflection of the system as previously inen-
tioned. Then compensation of compression and
tension torces on cither side of the nevtral axis
in plain bending can he checked.  The external
vibrating force can be determined from the spring
constant, the mass of the svstem and the fre-
quency of the vibration, for unit deflection
provided the damping w s sirail as it was main-
tained in the test by wcaint of a speciul fustening
arrangemont at the root of the bucket. The
distance from the fastening point of the cantilever
beam is 3 inches.  The comparison of the external
and the internal moment at the cross seetion
calculated from the stress distribution has not
heen completed as vet, but preliminary measure-
ments indicate a devintion o) about 1 or 2 pereent.

It may be noted that the maxinimin stresses
occur at the edges and on the convex side near
the ceater of the section. The  edges
are under nearly complete reversuls of stress
while i the eenter of the bucket zero to maximum
type dynamic stress is present,

Finally the static axa! stress pattern was
added to the vibrational distribution and Fig, 9
shows the result of the combined forces pro-
portionally increased such thot the stress reached
the endurance limit at the leading edge. The
general distribution indicates u major influence
by bending. Censequently  the more  severe
fatigue stresses prevail at the edges.  Sinee the

Cross

! STRESSES ON CONVEX S'DE
OF THE BUCKET

PLANE THROUGH BUCKET
STRAIN GAGE LOCATIONS

Ficvaeg 9. Distribution of combined stresses on the

concuve and cenvex sides of the cross section.,
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Fravms 10 Fatigne strength of 8-516 tarbi
13502 F and 1500° 1.
edge.

leading edge shows the absolute maximum stress,
fuilure is obtained at this location.,

At elevated temperatures the stresses at the
eriticul cross section were culeulated from  the
defleetion measurements at those temperatures,
As deflection ineludes the influences of uneven
temperature distribution over the length, changes
in the modulus of elusticity at varicus locations is
important.  Consequ-.tly, these changes are in-
cluded in the ratio of the deflection at elevated
temperature (o that at reein temperature. This
approach to the determin ~tion of the stress from
the measared deflection under elevated tempera-
tures is diseussed in WADC Technical Report
5936 Part 2.

Fig. 10 shows the fatigue dingrams for buck-
ets made of S-816.  The fatigue limit for 3-816
was 50,000 psi for 1500° F nominal temperature
aud 53,600 psi for 1350° F. This is close to or at
the axial load fatigue limit for tests on the same
material and for the same test temperature.
Comparison with axial lond fatigue data should
also be valid for higher engine speeds. A com-
perison with Haynes Stellite 21 is presented in
Fig. 11 which shows the superiori(y of the 5-816
material.  Presently check tests are being con-
ducted to see how much change will be obtained
when the temperature is raised to 1700° F for
S-816 and to see how this materinl will behave for
short time fatigue tests,

he failure locations and appearances obtained
from this test apparatus agreed well with the
locutions and appearances observed in manv
service lailures us shown in Figs. 12, 13 and 14.
Although exact temperatures and stresses occur-
ring ir: light are not known, good agreement was
obtained between ealeulated and experimentally
determined stresses and frequencies for the test
temperatures used.

1l
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Froere 11, Comparison of fatigne strength and S-816
and Haynes Stellite 21 turbine buckets «t 1350° F and
1500° F. Maximuin stress for 8 816 at the leading
edge, for Havnes Stellite 21 0t the trailing ediee

APPLICATION OF TEST RESULTS
FOR BUCKET DESIGN

It may be helpful to consider the application
of this stress ahalysis to bucket design.  Under
combined axial and bending loads the edges of
buckets will always he the most highly stressed
locations. It depends on the shape and on the
location of the centroids in various cross sections
in respert to the center of the root whether the

Fravne 120 Serviee failures of huekeis,

12

The arrow indicates the area of the ftigue failure,

lea-ling or the trailing edge wi'l have the maximum
dynamic stress.

A fairly complete theoretical stress analys:s
covering the main forces acting on # bucket is
possible when aress, moments of inertiz at
varioue stations over the length and centroids
are kriown and when the load and the tempera-
ture distributions are established. The ioad
and temperature data has to he based on flight
conditions and presently an attack on this
problem is being inade.

From the tests it appears that the mos: highly
stressed fibre in the critical croxs section of a
bucket under operational conditions faiis at
about the fatigue lunit for convention:l axial
londing tests conducted with the same nominal
temperature. Knowing this fact the designer is
in a position to calculate the approximate stresses
and to obtain an impression about the behavior
of this engine part under anticipated loads.
Starting with the centrifugal forces existing it
will also be pe-sible for the designer to calculate
the maximum possible sale amplitude of vibration.
Damping will be provided partly by the material
at tenperature dt » to internal friction and to a
larger extent by the provision for friction in the
root fastening. The amount of damping may

Materials Haynes Sullite 21,




Failure of a tex. bueket. Materialt Haynes

Stellite 21,

Ficvre 13.

also be considered in design for himiving ihe am-
plitude. However, increasing the damping by a
loose bucket fit in a nourotating wheel will not bhe
sufficient because under centrifugal forces the
buckets hecome tight again. To obtain the
intended bucket service life it appears to be
niecessaty to keep a tight fitin the lower serrations
of the Christmas tree root in order to take the

axial foree and to allow some clearance for those
serrations loeatad close to the airfoil to provide
damping.

It also scems to be essential to allow for some
flexibility in the nirfoil of the bucket and to avoid
cross sections which are too large. If the airfoil
is too stiff, the buckets will act as rigid levers at
the wheel serrations and will originate failures in
the rim of the wheel, The best design would h» a
halanced stress distribution such that every part
of an assembly would take an even share of the
lond under ull operating ronditions.

CONCLUSIONS

It has been shown that by special arrangements
it may be possible to investigate jet engine turbine
buckets under simulated service conditions and to
obtain measurements which permit a good concept
of the general stress condition under which the
part has to operate in service. The measure-
ments could be chocked by ealeulat” ins based on
equilibrium considerations between internal and
external forees,  The two forces have to be equal
ad of opposite direction.  This information tiay
also suppert new bues t design and eventually
the design of compressor blades.

The method is applicable to the investigation
of overheating problems of buckets encountered
in tight and to the investigation of repeated

Fravee 11,

Test failure of » hucket.

Moterinl: Hayoes Stellite S0




thermal stresses and their nfluence in creating
local rvesidunl stresses. [t iy also be used to
investigate both the effects of damping on vibra-
tions and the influences of changes in root design.

A further nspeet in the imjrovement of the
method is the investigntion of the influence of
higher harmor™>s on the stress distribution.

However, this problem involves considerable
difficulty in transferring the necessary energy
from the driver unit to the suall test specimen
at the lrequencies involved end with the ampli-
tudes necessary to obtain short time fuilures.
An nttemp? to test the secornd harmonie frequeney
may be made in the future.




Part 2. Fatigue Tests of Turbine Buckets under Static Axial and Super-
imposed Vibrational Bending Loads

\nsTRACT  The fatigue investigation of turbine blades in a special
derice, permitting the application of static axial and superimposed
vibrational bending loads by meuns of an dectromagnet, is discussed.
The excitation of the ribration of the axially looded bucket was
adjusted 1o the fundamental frequency: o) this svstem. The moss
important factors causing damping effects end energy losses during
tibration are considered.  Special attention is given to the measuring
methods for obiaining stress and deflection ralues of the vibrating
bucket under dvmamic lond.  The tests were conducted @t reoss and
at devated semperatures.  The results are discussed and rempered
nith futigue tests under similar conditions using simpl * specimens

and vandard testing devices.

INTRODUCTION

In the investigation of turhine buckets, the
belicvior of the mnterial umnder olservation as
affected by variables suck s shape, boad (statw
and dynamic). the resulting steess pradients, che-
vated tetspermtures, amd dumping due to fasten.
ings 1 ol preat unportance.  ecause of this
vaniety of conditions. 1t was deareble 10 buikl «
testing devie suitable for investygating all or at
least the momt inportant of thesr fuctorn Al
such factors arr prverat during aperation of the
buckets in serviee.  Labomtory tesis should sp-
prosch servicr conditions as chomedy ax passble

Previous tests have been condurted ander seev-
swe ronditions by operting the turbane wheeks in
the engine and by incasutiag speed, straina. ami
xirysers ol soine lorations, as well as trimpeentures
Theme tests have beein very valuahle as statiteen
atenial for the deiretion of dangvrous (nqguencwes,
the kinds of vibration, the prevailing femprratunes
st rriticnl spots i the turbie buckets, and smilar
obsereations  However, it was demirat be that the
investigation of buckel mutenels be sufhrently
fcxitdde 1o et the adjustewnt of cach vanabls
for cvery desared vslue 2s well ¢ the rtias on-

to another and to continue the fatigue tests to
fulure. The failure point should be precieely
determined, including the number of eveles e
quired for failure. Il the hickets are enclomed in
the housng ol an cngine such olwervations are
very difficult 1o make as the test has to be stopped
at short intervals in onler 1o detect the [ailures.
Such a procedure iz undesirable because of the
discontinmty in siressing and heating the blade.
in such a test, the ratios beiween axial and
dvasmic beading sttvasrs abo connet be vanied,
and the dyaamer strewares depend on the speed of
the wheel. which determines the avial load, while
vihration praks arcur only at some few spevds.
Thew reficetions bed 10 the developmwnt of o
tedting deviee for buckets which permits {airly
weil the appheation of all rution under sisnulated
seviee conditions, slthough the centrilugul foree
had to be replaced by a static avial load. AL
though ths tevessitsted & murh Jowee frequen.
dur to the mass of the » & coyeiis | for applying
the avial load, it wrs poa.ble to plare the dewr.d
strrme in the mange of the probeble fedure.  For
the evtrapolation of swrn tests 10 the higher
frequency ramge i wervrer, the frequency in-
flurnce on the matrial & of “aportance. It =




believed that the frequency «hange up o several
thousand cxvcles per secomd will not produce »
consuderable vanstion m regard 10 the faligue
strength, although some zuthors claim 1o have
ohserved influences in this direction

Because of the input power himitation at
present availul? - for vibrating the bucket. only
the fundament.y ‘requency of the uxial loaded
burket has been investpested Mont of the
service fatlures avcur ar the sevoml Barmonie.
This fact s not oo itnportant st pre<ent; for, i
theoretical atialvsis corvesponds well with 1est
data obtainel fin the fumlamental fregneney, the
investigation ean be evtemded
karmeonie frequency . In futuze 1est work, gt i
anticipatedd that a larger siput poser sonrve will
eneble the tabulation of test results tor the <evond
harmonic abn.  Although the test method em-
ployed is satifactory for use i the evaluation
of any rantilever burkets, present test duta aie
limited to buckets for the AMlivon J &3 vnzine

to the <wvnng

TEST METHOIDN

The device used in conducting bucket vibention
fatigue tesie was previously deseribel in AF
Technirsl Report No 5836, Part | Generally
1t corvespomds to the wtup for the tests reportnd
hoein Hewever, aidittional t<ting evpetienes
showed that serveral muodification. were nendeld
both in the testing ddevie aml i the bestiz? o
cedure - Fgure | As formerdy deenihed  the
turbine wheel wae suspeidonl in & el frame
- jans werr clampesd at & crome wvieon close
tn the i of the bucket xinl the avinl forve wac
apphad thinugh the lnading nng amd the » eghing
har :Figure 2

In this groeral arrangetuent. wane ey impor.
tent precauthane must hw faken i onder to gt
the mauimum \iheatwoal amplitinde of the Wade
When onix a smcl ibwation amphtude o ob
tained 1n stech a teed . the reason 10 slaa)s tracvable
to jamsrs by damping 1 thenr lomae arv arvosded
as ueardy as pombls. o larger amount of enrrgy
1¢ then avadshie (of the Prnitstmn of the guvunen
The ovomplshmmnt of thye inndagsenta’ ol .
tite, hotevrr, et be abtaedd to 2 houted
sxient only  Sormwe opumem loses will oall
remam The tno most impart ant conditsons fee
an oplimum smphtude arr the npwd mourtne
of the areprecaun {ork and the tph) champeny of
the whevl i the eh  Vrother poant » the
clan:prg of the t hrntuias trve root of the bocket,

which should be as tight as poseible in the wheel.
This condition was oh*ained by nserting speciully
biilt root purts of blades in the slots neighboring:
the test hucket. The outside mizes of these
neizhboring root parts close to the burk-ts tested
were nnlt up with a welded bend and machined
to an augle of 30° to the rudinl centerdine of the
burket neross the width of the root. The edges
whove the ot serration closest to the bucket
weres mnchined 10 an angle of 60° (Fizure 3.
Thus, the test bucket was forced radially outwand
aned hiebd tizhtdv during test

It was olmerved during preliminary tests that
the defiection of the tip of the bucket decrensesd
when loose fits were usesl at the root ang mast of
the mput enerey was lost through fnction. The
vonneciions at the threads i the loading ring
atil &t tle lowmer end of the weighing bar. which
were tightenesl by the axial force, woee much less
enitieal.

Spevtal care was piven o the assembly of the
londing devr .. as the «enting for the knife edge
suspension may he the ongin of disturbances.
These seatings were hull as grooves in machined
rxlimders having - wide angle of 13 as shown in
Figure 47 of Part 1 of this seport.  The seatings
were inserted 10 the main juw halder in correspond.
i bodes aml had o loose fit  ruloubindly this
meibnl will abo pive komes when the buckets are
vibrated perpetdicular 1o the a s, However.
tor the present tests the amplitwie aus sufficient
Catv was neresary in algning the scatings with
the avp of the devier as ther sometimes turned
1 the roumd hules. prevecting the desimsd move.
mwent due to the tramsverse vibration forres.

i of rasy mounting of the jaws aml thew holder,
it wes mdventagrous to Jdnll (no holes close to
the burket tip and ineert 2 dowel 1n vach. Thew
dourls supported th« jaus untd they ccubd gnp
the tapreed burket. The sninl temile forve then
canerd the jaws. having outnde uwdge-hike facee.
10 gnip the lurket vrox tgghtly  The 1aws had
bern cqupprd for gpomd prpping actor with
unall. inwrrtend. rev tangular puews takrn from o
Sl aml grouml at the mweted sefores The
gripgunge pwves had fo Bt the curcztere eex
avutatels in ander 1o detnbate the avel forees
cvealy orrum the wudth of the backet

As foruwely explained. the silwating \orve was
witredwrrd gt the seprirgon nnge. oving o dectee.
magnet  The rlevincal data of this magnet man
he determnnd for 2 piven strady frequency with o
maumem rbwrary  Heurver, opresting 1t
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diferent  {requencies far separated from each
other, (for example, at fundamental end second
harmonic), caused the output power to he low for
the frequency for which it was not designed. The
reason for this behavior was that the output trans-
former of the amplifier could not be matched with
the magnet. However, it was possible to adjust
it to the fundamental frequency at around 150
cps. In this case, rni optimum of output energy
could be obtained. During testing, an oscilloscope
was connected to the leads of the cxciting magnet,
which indicated the proper funciion of the device.
The wave on the sereen showeu the slipping of the
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knife edges in their seatings ut the points of re-
versed motion as deviation from the proper curves
at the peaks and velleys. They may be avoided
in future tests by using crossed flexure plates in
addition to the knife edges for mainteining an
exact moving center without any shift.

For tests at higher frequencies, it will be de-
sirable to decrease the weight or mass of the parts
needed for applying the axisl load. Particularly,
the loading ring may be lightened by holes, which
will probably give a larger deflection of the bucket
tip under vibrating load.

AXIAL LOAD MEASUREMENTS

For setting the desired ratio between the static
axial and the dynamic stress, it was necessary to
measure both. The weighing bar acted as a dy-
namometer for axial load. Strain gages of the
wire reristance type were glued to this specimen
and connected so as to compensate for bending.
The readings were taken with a strain gage in-
dicator which ir:dicated a load drop at the start of a
fatigue failure. No automatic, load-maintaining
device for axinl loads has been avaiiable for such
small elongations. During the tests, the joad
could be kept constant without difficulty, s the
fatizue test shows microscopic elongution only in
the last stage when specimens are very close to
failure. The load was reset from time to time by
Land, as required, by noting any load drop shown
on the strain gage instrument; however, this did
not affect the test results, as the test time was
mensured to the beginning of the specimen failure.

At elevated temperatures this procedure is not
enirely satisfactory as it requires a very close
observation of the instrument during tests.
‘T'his was experienced especially in the beginning
of a test due to the expansion by heating slowly
all parts of the device. An extended preheating
period was needed to heat all purts near the test
bucke: to stable temperatures. The elongation
of these parts then caused a decresse in the static
axial load. The load was reset by hand during
clevated tomperature tests us described for tne
room temperature tests, but in this case the reset-
ting period was included in the test :ime. Iu
future tests u londing pear motor tnny be used lor
automatic control. 1t will be connec.od to an
clongation indicating und controlii iz device not
vet designed and developed lLecavse of the ex-
tremely small elongation values which need special
consideration to give satisiactory results.




DYNAMIC STRESS MEASUREMENTS

The second very important measirement wus
the determination of the bucket strains and stresses
under the dynamic deflection. There are differ-
ent possibilities for obtaining these data as pre-
vinusly mentioned in Part | oi this repoct.  For
the final test a deflectior measuring rmethod was
chosen which had to .. calibrated in stresses.
The deflection measurement was conducted by
the method described in the previous report with
strobotac. scule, teiescope and mirror, the latter
heing the only part necessary on the bucket. It
could be kept sufficiently small in size and mass
so that it did not disturb any frequencies of the
vibrating parts.

In a special calibration test deseribed in detail
later in this report the relation between mirror
amplitude and strain at different points of the
bucket had to be investigated. For the measure-
ments of the strains, wire strain gages were applied
to the bucket at one cross section.  The difficulty
of this method is the measurement of the amplifi-
cation of the strain values and the recording of
the vibration strain curve at 130 cps and eventu-
allv at higher frequencies due to the presence of
superimposed stray frequencies caused by the
operation of the testing de.ice.

VIRRATION EXCITATION

In general. the procedure for generation of the
vibretions was described in the former report. A
very critical point is the setting of the magnetic
gap between the clectromngnet and the bucket,
us the efficieney decreases with the square of the
Jistance. Unfortunately, the movement of the
bucket is nct plain bending, due to the screw
type neutral axis. Plain bending would give a
paralie! displacement. In the ease of the bucket,
u torsional motion is superimposed over the bend-
ing, changing the gap in an ineflicient way.  Addi-
tionally, the constant field of the magnet aystem
imposed # censtant tensile foree an the armature,
Consequently, the gap 1. . 0 be kept approxi-
mately Ko inch wide to avoid contact which re-
sulted in stickihg beenuse the vibrating system,
ccon though auxiully londed, was relatively weak
in the perpendiculur direction.

The magne: system was excited by o w
frequency oacillator whose output was fed inte ..
smplifies of 1,400 wattz output. ‘The outnut wave
at the terminals of the magnet was a sine wave
up to very high frequencies. The distortion, if

present at all, was not visible on the sereen of
the oscilloscope.

The amplifier kept the vibration nmplitude con-
stant us long as no change in the spring constan.
of the vibrating system occurred. A sl ful-
ure, even when not visible at the bucket or at
the threaded ends of the weighing bar, displaced
the natural frequency aund thus decreased the
amplitude. From this time on, un alimost con-
tinuous control of the frequency by hund was
necossary. For the final rupture, an increase in
the .atroduced enerzy was required to maintair
the original umplitade. Fatigue faiiure in the
threaded ends of the weighing bar oceurred only
twice tiroughout the many tests completed.

STRESS PROBLEMS

The predominant aim of conducting tests on
buckets by applying axial loads and superimposed
bending forces is to indicate the limit to which
the material may be loaded as a bucket. Un-
fortunately, it eannot e assumed that the distri-
bution of stresses in such a complex part #s a
bucket is uniform over the cross section area.
The bucket has a tapere-l. shell type shape with
a screw type neutral axis; and, the theoretical
determination of the stress distribution over the

width in any cross section is doubtful without an
exact knowledge of the location of the axial static
and the dynamic bending loads introduced. The
Intter is an undetermined load, as the vibrating
system consists of the bucket, the ring, and the
juws for the application of the axial forces and

the weighing bar. It is not known precisely
which part of the weight or mass of these parts is
acting on the bucket and which is acting on the
weighing bar.

Because of its screw tvpe shape “inder the axial
und bending forces, the bucket reacts not only in
the related directions, but also in a torsional
mowment around the longitudinal axis. For this
reason, it was decided to experimentally measure
the desired static and dznamic stresses on the
bucke. in order to obtuin a true picture of the
stresses imposed. A know ledge of the true stress
distribution permits a more accurate means for
the determination of the stresses at the [atigue
limit.

TEST DEVELOPMENT

The measurement of the strains on parts s
stunll us buekets included some difficulties becsuse
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of the lack of aceurate measuring devices.  How-
~

ever, it could be aceomplished at room tempera-
For use at elevated temperatures, nnly n

ture,
few sirain gages are available, none of which ape
really accurate.

For the dynnmic tes.s, wire steain gages were
used beranse of the corveneni recording possi-
bilities. The g e has a length of 4 inech dnd o
width of 4 inch with & resistance of 120 ohns,
from which sufficient acenracy conld be expected.
In applving the gage at a seetion having very
large strain gradients, gage size is inportant.

The investigntion started basically from meas-
urements using the wire strain gnge i statie
bending with a definite external loading moment.
By measuring the strmin at the center of each
strain gage and piotting the reluted stresses at
their proper locations on the eroxs section of the
bucket and then by ecaleulating the internal
moment, an excellent comparizon for aceuracy is
possible between the external and the internal
moment which are necessarify eqnal.

Proceeding from this basic compuarison. the
buckets rould be loaded in axial tension and tho
stresses determined. The mean stress toverall
average; could be computed pad multiplied by the
cross sectional area at the location of the wire
strain gages to obtair the load which hed to he
ccual to the introduced external axial load.  The
external axial load wus measured as strain on the
weighing bar.

An essential part of the procedure deseribed is
a knowledge of the modul of elasticity for both
tension und compression of the material investi-
aated, Havnes Stellite 21 (Vitallium). The axial
anc the bending stresses can then be caleulated
from the strains. As no data for the compression
modulus were available in the literature, tests at
room temperature were conducted.

After the completion of the statie tests, a meth-
ol was leveloped for measuring the dynamic
strains at frequencies up to 159 cps. The dy-
namic measurements were mede to evaluate the
stresses actually induced in o vibrating bucket
‘The dyiaiiic sirains had to be recorded at the
same instant as the bucket deflection :neasure-
ments in order to correlute the deflections and the
strains.

The calibration of the test set u, Accom-
plished with a steel cuntilever beam of uniforin
cross section aren on which the dynamic strains
were measured sinultaneousiy by the wire strain
wage and by an optical method.  The stress at the
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location of the strain gage could he caleuluted
using the lutter method.

Using the same set up for the vibrating bucket
under axial load, the bending stresses could be
recorded by starting the test after the application
of the uxial lond. The measured stresses were
plotted at the corresponding locations supericn-
pusing axial and bending stresses.  The result was
used for determination of the stress at the fatizue
limit of the specimen, correluting the deflction to
the stress. since during fatizve tests onlv deflec-
tions were measured.

MODULI MEASUREMENTS

Since no compression data for molulus of
elasticity of Haynes Stellite 21 (Vitallium; were
available and since for the evaluation of the strain
mensurements the moduli for compression and
tension were necessary this value was measured
at room temperature. The moduli of elasticity
are not necessarily equal for tension and compres-
sion for all m terinis and some precaution seemed
to be desirable for cast materials. the properties of
which are not thoroughly known.

Swecirin

Exvengomeren

Szcrion A-A

Deviee for the measurement of the elastieity
modulur in compression,

| THE IR R




Some evlindrieal specitiens with uniforn eross
section were machined from the center purt of a
bucket, starting ut the root section. The speci-
mens had o dinmeter of 0125 inches and o lenueth
of 2inches.  The axial orientation of the spechmen
was purallel to the axis of the bucket

These specimens we o inserted ina brass evle
inder (Fizure ) which had two openings in the
evlinder wall opposite cach other 1o allow the
fastening of two extenson, ters on the spoeimen.
The brass evlinder enelosed the specimen verv
closely to avoid buekling under axial compression
lowd.

Tests were conducted in the standard wanner
for dewermination of the moduli of elasticity and
the readings, the evaluation and the reselts in-
('llldillj_’ the overall average valne are ziven in
Table 1. The dingram presenting these results is
shown in Figure 5 The measurements follow a
straight line showing linearity for the modulus of
elasticity for compression np to 25,000 psi. The
value obtained was £ Compression 36,4 2100
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+* .
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40w Yo
PIoemk 50 Stressetrain enrve for compression fur the
determination of the compression n odubes of cdastienty
uf Vitnllinm (Havoe s Stellite 200,

psi, which is upproxsimately the same as the modu-
1ns for tension.

Tanee 1. Determination of the woduins of elustivity in
compression for Haunes Stellide 20 (Vita'tiun::

Craegre reading

Lo, Spess, X . K Modulus
1hs pai psi <108
Averag in in }
units e !
Sy
0 0 0 0 0
S 1. 1M K W) 17 32
10 ) 125 36,0 ‘
150 340 36,0 .
2N 445 37 4
Y0 ) 374
300 (H}X] 368

Maodulus of Elasticity in compression, average 364
SR pei,

BUCKET CROSS SECTIONAL AREA
MEASUREME. TS

Usually under axial lowd and superimposed
vibrating hending. the fuilure occurred at 2.37
inches from tie bucket tip.  The cross section at
this point was used for the measureraent of the
stresses, for, they are probably highest at this
position according to the ealeulations in Part | of
this veport. The stress distribution which was
caleulnted is substantinted by the location of both
laborntory and serviee futizue fuilures of buckets.
The cross section aven of a bucket was determined
by muaking a parafline mold of the blade and
slicing the desired cross section (2.37 inches from
the tip).  Then, the ordinates ut various stations
along the rross sectionr aren were meusured by
means of o shop microscope. A straight line
connecting the trailing and leading edges was
selected s the x-uxis with the veaxis perpendie-
nlar and touching the outside of the area mensured,
ns shown in Fipure 3.

Atter plotting the measured values to n 3:1
scule, the enclosed area wasx mensured with a
planimeter.  The measurements are  given in
Tal e 1L from which the area of 0.837 s, inches
was determined.

\CCL RACY OF BENDING STRESS
MEASUREMENTS

A bueRet was mserted with ats Cliistimas vee
root o block cut from a turbine wheel.  The
hlock waus fustened 1o o heavy enst iron stand and
wopair of juws fitting the bucket shape wore
tizhtered arowmsd tae blade in the viecity of the

2




Frraced 30 Jaquo.

e L aTEE R A 177 1% 1.5 1,77
" 2
Area = 0,77 W,
Scale § : 1,

Frovre 6. Derermination of the area at the meuasilreit cross section of the bucket.

Solid Block
'

Eeavy
Staxc

1-Dead Veight
55425 1%e,

e e et e e em e e = ae —

2GS ’ s . Sy

Fiome T, Schematie presentation of the test armangement for statie beading tests with buekets,




‘VasLE I1.— Measurement of the ardinates of a crosx seetion
area located 2.37 inches from the bucket tip

tip permitting the application of a bending
moment. The Intter was obtained by u lever

Thickness system parallel to the bucket suspended at the

Bucket R — —— -- tfp and sl'xspemled nl_thc short end uml?rneath

chord  fiazme  Reading . Corrected to zero the fastening block (Fizure 7). The outside end

‘ - basline of the lever beu.n was loaded by dead weizhts thus

- R - T applying to the bucket un external moment

4 n U n u " determined by the lever ratio und the weight.

— - T The internal moment was measured with wire

g:g}‘m)o ; ";2% ; | :;: ::::” strain sages on the coneave and the convex side
0.5000 1. 1330 1 g :‘4’31_) of't!nc blude. ) ) L -

ll’: 68?3 :: ;3_4“" el o aal I!w test readings are given in Table 111, The

123 Lae | 0. 24 strains read between the unloaded and the loaded

:- E{"ﬂ; : : *ff_'_’ ‘ : g -:'}:3 coidition were ronverted into stresses using ihe

19863 . 1. 2000 . 0000 clastivity medulus of F=36.4.<10° psi for the

o . material. Figure 8 shows in a 35:1 scale the
measured cross sectional area of the bucket for
which the strain sucazurcments were takea.  The
above mentioned stresses were plotted at the
corresponding sui fuce locations around the section.
The stresses. though acting in a direction perpen-
dicular to the cross sec*ion plane, were plotted in ;
that plane. perpendicular to a line connecting the '
two edges, and with the edge of the cross sectional
) area as the zero peint.
—— To obtain the internal moment the cross sec-
. tional area was divided into a number of smaller
I —> areas each one 0.1 inch wide. Each small area
and its center of gravity was determined. Each

All values in inches

H= Ny

Cross section arva = 037 in -

TanLe 111, Static units and stresses for a turbine burket in static bending using Baldwin Southwark SR-4 gages (A-8) 580
in-lhs bending moment

! : Specimen bucket ) i
Loecations Differences Total
| No. i at evele end difference | Ntress, p~i
: ! Lonaded Unloaded Loaded ~ 10~ V10 '
! X 10 A Ul < 10-¢ '
i i
! | ! ! ' |
1 | 372 1, 208 20 ST -8718 | —33,000
2 1,330 ’ 1, 468 , 1.330 0 | —138 1~ 5000
3 | 732 ‘ 981 736 + 4 —~215 (— 8 900)
4 i 166 700 472 . + 6 --288 [T 8, 300
5 1. 058 ' 1, 587 1,076 +18 —511 I —18,600
6 996 1, 258 1, 002 + 6 i — 256 : - 9,350
‘ 7 958 703 ' 953 0 ’ + 255 + 9,300
8 1, 052 168 | 1, 062 +10 -+ 594 . +21,500
9 932 588 i 944 +12 + 256 i+ 9,350
10 1. 168 ‘ 1, 670 1, 18! +13 , ~ 489 . —17,800
;_ I

Modulus of Elasticity for Vitallium = 36.4 < 10° psi
Gage locations.

23 - -




increment aren times the average stress acting
on that area gives the fotal ferce acting i cach
area. The forces ucting on one side of u iine
approximately parallel to the line connecting the
cdges of the buckst represent tensile stresses,
while those on the opposite of this line represent
compressive s’ esses. The resuitant of ull of
these calculated forces is a force acting at the
center of gravity of the cross section of the hucket.
By using a graphical method of plotting the force
acting on ench aren and druwing the funicuiar
diagram related to the locations of the centers of
© gravity of the small areas the position of the
resultant foree could be obtained. By exercising
the same procedure in the perpendiculur direction
the intersection o1 the two resultant forees indi-
cated the accurate center of gravity for all forees
covering the whole cross sectional area, This
method, which is well known from busic mechanices,
although not very often used, permitted n very
recurate determination of the needed rotation
centers and of the forees representing the internal
moment. The graphical evaluation of the meas-
urements as described above is shown in Figure &,
The external moment was caleulated by consider-
ing the lever distances and the dead weight on the
end of the lever arm.  The weight was 55.25 Ibs.
und as shown in Figure 6:
M=0=-511+5525x25.1
The load introduced into the hucket is then.
L=2i2lbs.

The motent at the considered cross sectional
area, locuted 2.12 inches from the point of the
load intreduction was:

M;=2.12X272:=>580 in. lbs.

With the moment known, the stress in the outer-
most fibres of the bucket cross sectional area
coald be ealculated. If the measurements are
accurate the caiculated values will be located at
the stress curve obtained from ihe ineasurements.
The stress curve intersects the convex bucket
cdge at two points and the connecting line of these
points represents the neutral plane going through
the center of gravity of the area. The distances
at the three outermost fibres from the neutral
plane are:

(', =0.}40 inches
(7, =:0.340 inches

(', =0.252 inches

If the moment of inertia is determined the corre-
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sponding moments of resistance become:

. 1 053171072 e
e = o =1.50; -2
W,,—-(,— (340 =1.50/107%1n

11.51 1672

Ty T Jp— .;(‘\_ -2':3
W= 0.340 =1.50107"1n
. 0A51X1072 s r 2 D
o C=2.00yv 10t
We 0.252 2.EX ”

T"re moment of inertin was obtained for (e un-
syitaetrical urea of the bucket as 0.51 X10% in*
by the graphical method of Molr. The resulting
SUresses are:

M 380 .
=" = RS =38 HiN
O T T TR A
580 .
Tex T =N SO0 s
e 5o amr A pst
580

= 50 210200 psi

The curve in Figure 7 shows that the measured
stress in the center of the convex side deviates
considernbly from the given caleulated stress
5,=-25.500 psi. This fact is probably due to the
size of the wire strain gages which are too wide for
the lurge stres. wradients present at the center
locations.  The evaluation of the stress distribu-
tion was conducted as outlined above and the
centers of gravity were determined for each part—
tension and compression side—separately. Table
1V shows the average stress for each small area
and its represente¢ foree  The centers where
those forces act are obtained graphically. In
Figure § the distance of those centers for the tensile
as well us for the compressive forces from each
other is

0.314 inches

This distance being determined the internal
moment becomes

LAR01 1,813
2

M=0314" =0.314X1,851=581 lbs,

compared to the external moment of 530 in. lbs.
The deviation is

2L
© 580
Considering the partial moments for ench side it
is obvious that they differ. To a certain extent
biaxial stress conditions, especially in the center
of the aren far away from the [vee edges ure re-
sponsible for this error. This possibility is indi-
cnted by the values of the tensile and compressive
moments (1,880 and 1,813 in. 1bs.) which should
be equal.

A0 = 4+0,179,




PTannte IV, Calewdation of the intornal furees for the graphical dtermination of the eonters of graciy of « huekel der a
heading loud

Thickuess

Smadl aren | o Width w the small areas. ' s tress in the smull areu,

No. inches

5, inches 8, inchies

th Coneave side of the bucket fcompressien)

Size ' of C Average ¢ Foree on

in¢ . ~oall areg, Ibs
psi

AR BT SRVLY A

A

2

U0
L 315
il
L N1
AL
120

L e LD -

bt
. 160
R
R
]
. 330

-

1a+8 0

0. 00752 29, 800
0. QU847 25, 100
u. 01022
0. 01200
0. 01045
000611
0. 06414

S0 s

0. 00254} (]
0. 00493 . 1. 800
(1. QONOT 3, 000
0. 11202 4, 200
0. 01655 6, 100
0. 02045 N, 400
1. 021105 13, 600
0. 01180 28, 000 330

LF.-- 1,58

Convex side of the bueket (tensiom

0. 00315 2,300 7
0, QUNRH 1, 100 B{1
0. B13s0 7, 300 100
0. 1795 N, 700 156
0. 02105 9, 600 206
0. 02300 10, 200 240

IS0 st ET ' 8, 02360 10, 900 . 256

o 0. 02340 10, 500 245
0 02310 4, 400 220
0. 02025 N, 000 ' 162
0, G1690 6, 300 106
0, 01275 4, 700 (it1]
¢ 00765 2,500 19

ZF--1.813

il aren g T s considdering the seale 501 in cach direetion,

2 Graphically determined stress acting in the center of gravity in each ~mall area.

The fit of the root near the center wus better
than toward the outside edges. Practieally it
will not he possible to avoid such comlitions for
the tool used in machining the servations always
has o tendeney to produee n greater tolerance on
the edges than in the center. A stress e

GOSN 6 G

invest cation for the bucket under a static lon:d

showed a slight concentration of the principal

stress lines toward the eenter of the hucket root

which also tndicates 1hat Linsial stress condition s

are vesponsible to some extent for the deviantion
wountered.
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Stress distribution over the cross seetion ares

Frorgre S
of the bueket for o given bending moment; and eenters
of gravity for area,
forees,

ANIAL STRESS MEASUREMENTS

and for teasile and cotmpresion

The sume bucket used for flexure ealibration,
with the wire strain gages in place, was alko wsed
for mensuring the stress dist-ibution under the
uxinl statie lond. 1t was placed v the bucket
testing deviee und axially jonded  through the
weighing har, the strain of wich was measured
by means of wire strain pages st e SR strain
indieator.  The Intter ensurements showed the
externnl Joml of the bucket specimen.  Thix could
L comparesd 1o the internal reaction by the came
proveduze nx wus used for the bending test The
mensured  strains coontinstel to the Incatiors
around the cross seetion area are showe Table
V. The coreeponding sirvsas weee co (RS
usity the modulus of decticity for vtale o of
Fowd - ur pe Thew sreses are plottal

Froure @ whih o2 on momeire viewn of the crosa

2

section area and with stresses shown above the
area. The evaluation in Table VI gave ouly a
very small deviation of the center of gravity for
the tensile resultant from the actual center of
gravity for the urea (0.024 inches). The force
obtaned vas 2,453 lbs. and the average stress
with an area of 0.37 in? is:

3%:6.700 psi
As shown in Table V the weighing bar carried u
tensile lond of 2,600 lbs. This gives an nceuracy of:
.Zl%(i\ 100=--5.65
This accuracy is satisfactory considering the diffi-
culty of such measurements.
BENDING STRESS MFASUREMENTS
The measrements of the vibrating bending
stresses on the small buckets up to 200 cps rep-
resented u special problem as no mesasuring de-
viee was availeble for recording rapidly changing
strains up to a strain changing velocity of 200
eps.  Measurements were made with wire strain
wages at the same locations as for the uxial static
tests. The SR 4 strain indicator was used as the
source of the carrier Irequency in the hridge cir-
cvit and as an amplifier for the signal. For re-
cording the results an oseillograph was connected
to the output nmplifier of the indicstor. The
assembly was enlibrated with o vibrating canti-
lever beamn of uniforms cross sectional area on
which wire strain puges close to the {astening
point indicated the strain. On the feae end of the
cantilever benin o mirrer was attached for the
measurement of the end deflections.  The syatem
war exvited o ieonanee by means of a Hewlett.
Parkanl awdiofrequency oscillator connected to
an wmplifier and & magnet system placed under:
neath the beam clowe to the free end.  The inirror
ut the free end of the vibrating beam was lighted
with » strobotac operated ut approximately the
same frequency ws the vibrating beam Thus «
trusparent seale placssd in front of the strobotee
cotld be viewesl and resd with a televcope cote
taining » croms mark  The distance be weens the
mirror and the seale consadening the doubde angle
shown bt the murar represented the maynif -
tion The svureer ol thin compaticon ncthod
was very goal A swhetmatic dmwimg of the (et




TasLe V.- Measurement of bucket tensile atresses in the test device under an ariol loai

The strain in the dynamometer xpecimen was 290 X 10~¢in/in,
The cross section uren of the veighing bar was 0,303 in2.
Then the load is: 280X 10"~ 29,4 109 0.305: - 2,600 Ihs,
The cross section area of the bucket at the measured station is 0.37 in? (2,37 inches from the tip).
The w.verage stress at this location is then:

2,600 _ .
037 =7,000 psi

Strain in in/in < 108 . :
_ | Strain average ' Stress, i
> 10-%in/in

Run 1 Run 2 Run 3

+ 70 =45 + 150
S - 105 ’ + 110
+ 105 < 160 + 155
-+ 135 <11 i 100

{} 20 -0

+195 =200 ~ 190

+330 - 340 © 340

: + 365 - 360 - 340
Il + 1690 ~ 165

The modulus of elasticity of the bucket was 36,4 - 108 Dsi.
*Not included in Figure 14,

TanLe VI.--Calculation of the internal forces under an arial lowd

Thickness

’ |
. Small area  _ . \\'idlh u Volume t of 'A\'t‘l’!tl:t' stress ¥ Force on smali
f No. inches the small areas in the small area’ arex, bhs

& & in? psi

1
inches inches ; !
e e [ —.
14 4
116

0. 495 . ‘ 0 QU752
0 474 . 0. OUBGY
0. 870 R 0. 01044
i), 650 0. V120
[Fara U] [ . V1360

L oo 0 05N
001718
(L]0
0. 02140
0, 02320
0 U2440
1. 02500
0 02820
(L1248 NN
1. 02538
0 LI
0 02440
S+ U300
o o008
(LN R] ]

I
|
!

[
-y
.

-§:

gEavEBEEEEse

- o -
P R RN P g

g

I P TED I IGORGE GEGL ) =) 2 g

gfect

+8: 1 R
o4 3 ronedering tl e wale 31 b ditec b,
! Graphirally determitwel sitras avting in the conter wi 41 1 cach emall srea,
“he rrternal fores mas 21D the, cansequentiv the eftut o
148 &6
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Frirme o Stress dist=ibution over a cross section sres of the bucket fer avial tension and the determination of the center
of gravity for the axial forces.
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10. Scheme of the tedt
calibration.

Fictax arranger.ent  for

sssembly is shown in Figure 10. The arnlitude
of the vibrating beam was increased in ¢ anel
for each step the output signui of the »
was recorded on the chart of the oscillograph.
Finally. the stresaes at the locstion of the ypugne-

were calculated from the deflection angle (based
on the distance of the mirror from the scale), and
the stresses were plotted against the recorded
smplitude on the vscillograph chart.

The resulting curve is shown in Figure 11 and
some recorded calibration steps are presented in
Figure 12. The recorded strain curve pives the
frequency 10 140 cps. Davond the naturel fre-
quency of the cantilever beam » lower frequency
is superimpceed resulting from the losling pro-
cedure us the bemin was vibeated at its natural
frequency or close to it where it is difficult to
maintain a stable excitation. For esch step the
averuge of the aniplitudes over a perio. of 1 10
see. was evaluated for the determination of an
average amplitude.

Nince the culibration was known {or the uniform
beain, the measuring equipinent could he con-
nected directly to the strain guges on the bucket
by inserting » switch between the strin indicator




pb .

I o i
: SRR PLUNES TSR B AN
w plitade wm the Dovarila; Janrt
Frovme 11, Seress amplitici- ealibention  dingeani fur
steel materials for evaluation of dvaamic stress nieastire-
ments at 130 e

and the zaees.  This switeh was needed to counect
the strain indicstor alternately to the different
strain gmges around the bucket. The recording
equipment Jdescribed ubove represented one chan-
nel. For more channels several strain indicators,
including all the additiona! test equipment, woull
have been necessary. In measuritg several locu-
tions during a continuous vibration af the burket
a simultaneous recording of all strain yages was
not essential and one rhannel vus satisfactory aa
long s the switch did not o sturh ihe resistance
in the circuit.  This was rhecked for the switeh
selected and the resistance was fouul to he suffi.
viently low to avoid difficulties.

For the dynamic bending mcasurcinents a mis-
ror was attcched to the burket.  The static anal
load wax applied and then the bending vibration
was introduced and the doflection wen messured
optically.  In order to correlate the deflection with
the atrems, ten strain gages wore plared on the
bucket at the same locations ax for the static axi-
tests.  Keadings were taken succemsively for all o
the gages.  To insure that all of te gage readings
were {aken while the bucket was bring vibeated
with a constant amplitude, wirror measurements

lllIIIlllllllllllllllllllllllllllllllhli il

.‘0'-

I" " l”" ,"l"" "’ " "lllfl. !”l

/130 CPS

' i l.‘ l' ill :-)q‘ .l.

| ‘.“ REY In L |~ - "I N
AMPLITUDE =18,/5mm
DEFL =/37 *

‘MIRPROR

Typical asrillograph tecard and related mitror
defloct.ons for calibention.

Frosonx 12

of the deflection wore token beforr the sirein as
sech guge wax revorded.  Figeure 12 shovws & tvp-
wwal cerord of this test.  Thus the correlation b -
twron deflection and stress at cach measurod doru -
tion rould be investigated.

In the cane of two points of ypecial interest i
wotrmiling odge of Wie buckel and the center
pant on the ronves side.  Botl. iocations show
meaimum strrss values cither in completely o
Vereed of in 2eto to manimum bending  The

»
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LOCAT/ION 9.

AMPLITUDE :
AVERAGE =/1505mm.
6; ~ 8350 PSI.

L
SRR
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Fratag 13 Tw & cillogreph tevard and cvaluation :n
sttwin for denamic ionding bade o (e borket

cvalustion following i+ given for both cemen. I
pending on tiv falygw: charericristirs for the ma.
terial the fadure may start at eitler ~ ‘ton
Generally failurvs will brgin ot the truil. T,

for with a completely reversed strers & larger
amount of energy is consumed than for & 2ero to
maximum stress.  However, the failure riay orig-
inate in the center, espeeially for higher ioads, if
the vibratory stress exeveds the highest allowable
load for a given number of cveles for zere to maxi-
mum steess.

The records for the ten locations around the
croes section of the bucket are e aluated by use of
the diagram in Fignre 11, Table VI shows the
values obtained by this measurement. In the
evaluation it should be noted that the diagram in

“tzure 11 is plotted for stresses ot sieel beams.  In
order to pet true stresses for vitallium the above
stresses are multipied by the ratio of the moduli
of clastic ty for the two materials:
oty o

"-»n-l—--L

In Fiwure 14 the stress values of Table Vil are
plotted at their respective locations perpendicular
to the actual crons section with the edge as the
zero line.  The full line represents the atresees for
the deflection of the bucket in ane direction and
the dashed line for the detlection in the opposite
direction.

The curve (or the actual strevees under combined
loading s determined by superimposing th:e bend-
ing stremws an the axial static stresses o3 eusured
sbhove. The stressrs for this case are shown in
Table V111 and in Figure 13, The pr-sentation
B given in the same manner ss was explained for

‘igure . The stress curve shown in Figure 13
intersecta for the two deflertion directions with the
cdge of the croms section st different points. By
drewing lines through the corresponding points,
theee lines include an angle which indirstes o
torsional moment of the hucket during opereton
as wue observed in the oplicel deflertion mensure
tment during vibration.

During the fuligue tests the deflertion was
meassured. This messurvinent wus evaluated in
sirem sl the (wo jocations on the bu-ket: the
traaling edge and the center on the convex sde.
In the elasicc reage the divse increases proper.
tionally to the deflection. The sirws war meas-
ured for & sederted dellertion of 30 m: 12 on the
wale. The ratio of the sirems ectiny in the
fatigue tewi cotresponding to diffrvat ¢ Hections
obtaisen] ard the siress mcnsured Ly the cabibrs-
ton had 10 be equal 1o the rutio of the deflertions,

r




Tamg VUL Measurement of stresses

Measurcd double  Bordine strew
amplitul -, com range,! isi

Loeation No.

%, )
3 10
9, S
14, 850

PRI T RO N

12 mm
14 am

S 1%
13 v

9
{1

Hending stress

under tibrotienal Aending load on hurkels

True bemding
strewe,’ pei

ranae,? i

11, 8%
o 0
8 ]
IR
Gaxe broken
13 Am
1 om
0 3
LS. 1]

- Strese 3 given by calibestion chart Fre, 9.

2 Teve stiess {oe vitallim 1o obtaired by rattipising the vatues from the chart sih the factor E, £, = 1.238.

3 See teat.

Tamex VUL - Tetel stresors o ruivuted on burkots wavie-
arvel sdahic ension asd 1 1begheael hending

L om

loee- twoeel

atic Teoral streees
axial
tension

L}
2
3
4
3
[ 3
h
]
-
]

L

— — -

*Nat incpnded 1 Fig 12

thus the strem for earh fatigue est could he
colculated from the deflection by

&!a' 1INGOD o in pus ifor the trailir+ adpe

g=delloction measured i the Tatirue test
30 mm = dellertion meesured in the calibruton tont
15 000 = sttemi mrwswred i pt in the rabheatan
tesit for 30 mm dellertion

The stresam st th - tvo lorations siv cebrulated 1
this manter and preacnted in Talle 1X
The prorwtures as stated apply for ruom tenpees
ture teate For edevated temiperature towts seevirs
trmprratures wrer mmaslatend  The edevates] teer-
prenture over the beagth of the burket cowsed an
wrrvase @ the defiectison of the cantdevey hram
romparvsd 10 that at rosen frmperature uang the
satne band

The tempreature dustrbution e1ov the bkt
trogth was menmsend by the NAUA and the
Matenials lalmmtery  Based an thow nacssare.
ments shich are plotted m Fygwre 16 the raton of

S2tves distribmtpon fu: 3 :hertivacl Srading
band

Fraras 18

' 3

the mondubi of dastanity ’f romhl he obtamesd wbiete

£, o Jo the constant cominlue at the roe’ sprtmn
awed £ the changmng morl Jue v 2t the eogth of the
vlatom of the madulus of clastoty corsiis ten
prestote 1 huewn Thu nldetiom ws ablaes |
by an interpertatimn ~f the tests of Wiber snthare
snad mes photied W Fagurr 17 As choun. U
LWffervnt authare P~ subrdy varvmg vahars from

e arcther The prrant conmdetatrm  war
el e the Allvaon cunie with wawh the abore
varrdmsesl Patie was cabrylatad

a




Tamk IN.  Measurement af deflections for an SN-diagram and caleulation of stresses for the trailing edge and o the center
al the conver side of the bucket under arial static tensile and ribrational hending forces at room: and elerated temprratures

Stress at |
R [
Anial load, Mirror T e e meme s o = Number of

> T
Ihs reading, min Ceveles 108 Remarks

Bucket No. o :
i Teailing edige, ' Center convex

psi o ide, psi

Ruom temperature

29, 000 33, 5 Wt Failure
53, H00 62, 000 ) Failuzre
RERE 1] 40, O(X) 35 Failu-
27, 500 32, 000 . NG Failu.e
25, 000 20, (K0 D, & Failu-e
23, 500 27, 200 No failure

Temperature 1360° F.

34, 500 w Nu failure
36, 900 , Failure
. 40, 000 . Fuilure
30, 50 36, 000 Failure

Tempersture 1526° F.

(1A 27, 300 32,100 5 Failure
i . tith 257, O 32, 100 . 24; Failure
2, 600 62 25, 000 20,200 u N No failure

-0 -

o 31, 200 35, 400 . 156 Fuilure
72 27,000 34, 000 . 333 Failure
64 26, 000 30, 200 .13 Fuilure

*see text for diseussion of faibures,
1. J00
.

T awmecrion or strEcTion . * 1300 VBN (raea ay
PR ) ) 4z o)

TN L LRI A

.
-
)
)
\

TIMIY WAl .
3
2

B ¢

?

WareC o Vi 8Tty MDY {e

Firovme 160 Actual tenperatune distribatior uver the
Fravme 13, Seness distribytion for tatal avial tens aoatad bucket length, ratio of mabidi of elssticitv by non.
vibratisual beading load. umforis tempemture
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For elevetead temperntures basnieally the same
considarations iy be used nx for rom lepera-
ture to obtain the true strvsses but the resulting
stress Jas 2o be roimeeted by a factor which
accounts for the incressed dellection of the bucket.

his fuctor will not change very much for &f-
ferent doads o the beans.  For the preseated
investigution this factor war wmumed o be
copstant. The trae bebing forces on the bucket
are not known beeawse of the emapley sistem of
forves invalved 11 s s that & considera.
ble part of the bending loa b arts as a single load
b the kined of loud wtrmluction used  Thersfore,
1he {actor was deterniined for o cantilever bemin
with length  correaponding (o the distanere
betw on the root apd the intraducticn point of
the Iater] vibration foree into the buckat. For
wnel o cantilever beam the deflection {ue o angle
lowd un the tree end il romm temperatare as we'
as al cdevainl tempemture was determined. The
comperienn s shomn i Fiure 180 The mtio
w's ¥'s of the two defleciin s abore st the meswee!

A00°
IN

000" fzbO’

*F.

100"

Mudnlus of elastieity of Vicattium (Hayxnes Stellite 21) versus temperature.

stution of the length was deteriuined for the two
temperatures §.466G° F. und 1,526° F. ¥’ i3 the
dellection at roaus temiperaiure and yy the one
ut elevated temperature at this loeation of the
beatn. Thus:

e ,l "
” r

) o or lr""t""‘.”

er v ¥

Theeefore we obitain for the true steems at elevated
tesperature in respect (o the consilemtions above:

yr v 2
PEERER: . 154 0 ’
witere ¥y wied y'y are defined as above and yp 2
the measured  deflection  under  vibmtion ot
rirvated tempemture.

Wich this relstion the steems values for the two
AN curves at ddevated temperatures uere obtained
Tahle IX)  The meulting SN diagrmivs are
presented an Figure 19 and Figure 20, which are
plotiad (or the two unpartant prak strvw locations:

xn




AT THE MEASURLL STATION | _ . .
237 INCHES FROM THE TIP W QU 437 : e s
Wy cQI72 074 -\ N
*  da_ 9_’2_’_"_:0_‘3 oy 8Hedaemtiani0am 07 \.,.,.,
Yo Va Qie10°Q6G ° Y = QN4 0730 - 03+2.10°°
W, = Q14 107215 -0205 w0t jae aw
vt QIS 1070228 - 027210 ° i

Froias 18 Change in defloction for soasaiform tmpersture distridution covr the bucket length sad rutio at the
meesurnd crow mction.

the trailing rdge and the outer fbce at the convex  hunit for st specimens in completely reversed
sicke of the burket. bending for cast vitallium is 33,000 psi, .9 other

Al room temperature the eniurence lir «  authors have found. the bucket tested in simulated
the butket was 72,000 psi for the truiling = srrvice conditions s wws 67 of the strees from
and 26,400 pei for the center. If the endut ¢ the standard teat {5 the truiling edge and 80%

b )




L FATIGIE TESIS WITH VITALUIUM[IAYNES
. STELLITE 21) BUCKETS /NDER ArIAL i
i TENSION AND SUPERIMPOSED VIBRATIONAL |
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6¢ t TEM PERATURES. i
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Ficrre 19, Fatigue st with Vitallium (Haynes Svellite 213,  Buerkets inder axial tension snd superimposed vibra-

tional bending load at room and elevated temperatures. Stresses at the trailing edge.

®75°F

for the center. Probably the apparent loss is
due to the foilowing conditions. The stress is
not quite uniaxial in the tapered shell and residual
strees conditions exist from the casting procedure.

The distribution of the stresses over the length
of the bucket is presented in Figure 21, As the
bucket is a tapered cantilever bram the stresses
resulting from the statie load increase toward the
free end. Under centrifugul load the tendency
toward incressed stresaes is directed to the root
section.  Over these stresses vibrational bending
stresees are superimposed correspondent to their
distribution over the length. The varistion is
caused by the cross sectional changes of the bucket.
The maximum strews may not exceed the fatigue
stress of 22,000 psi mcasured shove. Thus the
point of maximum stress over the length was
determined to be at a distance of 1.80 inches from
the root. In the tests {ractures occurred at that
location with a slight deviation in esach direction
for individual buckets. The location range corre-

A 1380° F

x 152“ F

sponds also to the calculations in Part I of this
report and to the location of failures in service
insolar as they occurred from the vibration at the
fundamental frequency.

Considering the atart of a failure .a the fractured
section two cases have to be obuerved. In most
cases the fatigue failure started at the treiling edge
similar to the behavior of the bucket in service.
However, in a few cases at elevated temperatures
the fatigue failure nuclevs vas observed in the
center of the convex side. The consuined energy
at this point is close to or above the one at the
other critical location at the trailing edge and
would therefore be expected to be the origin of
some of the failures.

CONCLUSIONS

The fatigue properties of east vitallium buckets
ot the J-33 gaa turbine engine were irvestigated
under <imulated service conditions. [t was neces-
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sary to deveop the methad and equipment to
do this. The centrifuzal forve on the bueket s
simulated by an axial load. The hending vibra-
tional loads ane superimp wed on the axial ad and
at the same time the temporatuee gradients an
approximated. A\ methad was doveloped 0 carey
out such tests and the evaluation then o i< pne-
seated.  The stretus present in the hucket durning
the tests were easuted and an XN dingram platted
to indicate the fatigne strength of the buckets
under the simulated servier conditions. The ro-
Al soem ™ justily the follawing conclusions:

{a) The teat mothod developed permits the
investigation of various ratios of axiai 12 bending
loads for desired temperstures and (smporature
gradient< and for various sizes and shapes of
huckets.

(1) A methad of predicting th location of
fracture ix presented and confirmed by the 1
resuits.

3

Fatigue tests with Vitallinm (Havie= Stellite 20,
tional bending foad at room and chevated empeeatures,

A L0 ¥

Buckets under axial tensivn and superimposed vibea-
Strvsses at the center of the convex bucket side.
x 1,3 ¥

() The fatigue strength incressos ot clovated
temperaluns jover room temperature) for cast
vitalisum  bucke 1 'Y same manner as for
standend plate bending spectimens.

) The fatigue strenzth of the buckets was
shightly lest than for plate bending spocimens
probably due 13 inHuence of binxial streeses and
reddual streeses in the buckets

ted Tt ic pasuble t9 make reaswably erurats
ifres medasuremnsnts cvon on such snall parts as
bucke ts and ts check this acrurary by mosans of
equilibrium canud-mtiae botween the extomal
and intrenal (orexs reaulting fram static cahi ration
touls

(H Ditf-eent steess conditione exist un, sitane-
oudy at vanous locations in the bucket. For
example, for a given static axial prelaed and
bending amplitude, the cont~e of the bucket vancs
ferm zero to & matimum tenele sirew and the
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bucket iength at the fatigue limit,

trailing edige it strewsed in completely reversed
loading

g2t The motion of the bucket is & combination
f plane bending and superimposed torsion due
to the «crew type neutral axis.

‘b1 The vibration amplitude of, and hence the
stovsses i, the bowkel s m very sensitive function
of the rvot dumping.

RECOMMENDATIONS

It is recummended that the following: sdditional
work be accomplished:

:2) Investigate additional matenials in the fonin
of buckets to cstahlish a definite relationship, if
posible, between the bucket fatigue test at the
{undamental fenquency, and s standard materials
fatigse test.  |f & consistent relstionship is found.
futther inTrstigstions of materisls proposed for
buchets can br evalusted by a simple standand test.

) Extend the bucket (atigue test of applicable
metcnals (o highet harrionies.

re, Extend tise preliminary work on damping
at the oot section by investigating the enengy
tonsaniplion of its having various controlled toler-

ances (under simulated centrifugal loads). Thes:

tolerances should be controlled in such a manner

that the designer of new bhuckets can utilize this
information in an effort to determine the type of
fit with the greatest possible damping and conse-
quently the lowest vibrational stresses in the
buckets.
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Elevatcd Temperature Testing Procedures

Continuvus Recording of Time-Deformation Readings During Creep-Rupture
Testing at Temperatures Up to 1200° F

W. H. RECTOR

ABSTRACT—.4 new method of recording deformation duri
res up to 1200° F is

rupture testing at lem,

23

method has the adansages of: (l)dmmngcmw

defermation record up o failure,

o the intermistont

readings obtained using the former menua! methed c..d (2) being
mﬂdymdmn%‘&em:mn,wﬂh
cameres o

make manual measn

methed employs o
record the dats. A description of the equipment is given.

I. INTRODUCTION

This report was written to describe the equip-
imeut sna test procedures wied in shtuining a
continuous recori of time-deformution readings
during creep-rupture tests ou various alloy sheet
tmsterialh and metal-to-metal wihesive bonded
specimens for time periods fron. s few hours up
to thoussnds of hours of test time.  Severul types
of materials bave been tested using this equip-
ment but no description of this particular procedure
hes been previcusly presented.

I1. STRAIN GAGE

The tent specimen nornually used fur sheet mate-
rial is aporozimately tweaty inches in leagth by
one and ooe quaner inches in widih with o t1ro
inchglp!&.\h"\iehhmwiaehiavidw‘
The extenmmetyr is aitached 0 the specimen
poge length by means of pointed stainlwes steel
or high tesnperstur: alt=: set screns.

The clevated tecupersture strein appasst us em-
ployed in thir procedure i of standard design,
manufectured by the Baldwin-Linie-Hamilton
Corp., Mode PSH-8. The struin readiog i indi-

cated ou s motor driven counter, which reads
deformation in 0.000028 inch increments.

A tesl apecimen mounted in a standard lever-
txpe creep-rupture frame is showr. in Figure |
{Furnace remaved) with struin gege, control and
reconrling thermocouples attached. On the front
of the twt frame s shown the panel conteining
the electronic system for the struin gege operation,
deformation counter, and timing devices.

Two time rounters ure used for accurately re-
cording test time; one w a revolution counter
calibrated t0 read to the nearest X, bour while
s standard clock with a sweep second band e
used 1o indicate the time in seconds and micutes
dun.g the initial Lading of the test spscimen
and early stages of creep.

U1l. RECORDING EQUIPMENT
Since the olruin meascring equipment deactibed
sbo~e requited laboratory purmcanel 10 iake
. = adings ot variows Limes t the
¢« i wes noted thel » coasiders”le armourt of
able test inforoation wae bemg lost during
the ights and uver weekends when perssumel
were off duly. Cedsidersbie thought w .3 given

o




to devising a more suituble nieuns of recording
these test data not only during off«luty hours
but also automatically, thereby relieving lubora-
tory poreannel for other duties. Several methods
of autoinatic recording were investigated.

A decision was renched to automatieally photo-
graph the strai counier amd time meters at pre-
deterimined pei.ods throughout the day  Several
methods of photographing the different meters
were studied and the final soluticn was obtained
by rovamping motion picture camerus for single-
frame exposure operntivt. A Stamdand Aireraft
Bomb Spotting Camera, which is a 35 mm.
motion pi. ture camera with a shotter speed of
Y, of a second was modified for this particular
task. The motion picture drive assembly was
remaved and replaced by a specially designed
tandem solenoi:d mechanixn,

The solenoid mechanism serves a twofold pur-
pose: Brst, it actuatez the camera shutter and
secomd, as the shutter closes, a socond solenoid
drives a elutel which in turn sdvances the filin to
the pext frame.  The camera holds 100 feet of
film, with 16 exposures to the foot, which in most
instances will record an c¢ntire creep-rupture test.

An f: 23 25 . lens is used with the camers
which covers a retutively wide u.eu and has a focal
leryth of approximately one foot. This ullows the
cx tera to be pluced close Lo the test frame, therehy
not taking up sile space in front oi the tet
frame. The camern is mounted on top of a 14
inch pipe which in turn is nounted rigidly to the
fioor to revent the cume 1 from moving while in
operation.  Originally a hricket was wmounted on
the test e for Bobling the camers but this
proved itns  sfactory, since oo orgiging the caniera
vibrated the . st frame whieh in turn transmitted
the vibration to thr urain guge cavsing falae
inotion 1o be recunded 01 the serin counter.

A camiera unit is shown in Figure 2 illustrating
its tocatin, on the pipe stand ard its jocation with
respect to the teating lrame.

In order 1o illuminete and reduce shadows on
the strain counter aml litme meterw, two 10
sanche pawer, 23 volt DO, airersflt landing ligh!+
wre mounted on the camcrn.  Oue light s v:ounted
theee itirhes shove sl the other three inchw
below the crnter line of the camera s The
location of these lights is shown in Figure 2.

IV. ELECTRONIC CONTROL

As was mentioned in previous paragraphs, the
cameras and lighting were of aircraft type which
were originally designed for airborne use for opera-
tion cn a 24 volt DC power supply. Therefore, it
was necessary to obtain a 24 volt NDC supply for
this operation. Since it was found that esch
camera and its lighting required 7 to 9 amperes
for one quarter second lime interval, it was con-
cluded that the most satisfuctory voltage supply
could be obtained by using a 24 vole storage
battery. The use of an AC-DC voltage rectifier
was contemplated, but due to high amperage
requirements per unit, the capacity and ¢ 'z of the
rectifier required were prohibitively large.

A control punel for the cameras’ operation
was designed und fabricated for control of fifteen
camern stations. 1t was designed using two
timing »nits, one for short time periods and the
other for long time periods. These timing units
are of the tandem reeveling type; that is, each
unit i3 made up of two tiners so designed as
to enable two operations 10 be completed in
each evcle. One timer of each unit contuls the
nterval between photogruphic exposures while
the < wond timer of each unit controls the time
of the photogruphic exposures.

The two timing units installed in the controi
panel enuble u varicty of time intervals to be
selectel depending upon the particular test beicg
condurted.  Oune diner is for 0-3 minutes opers-
tion and other is for 0-80 minutes. The second
or operational timer in coch unit 4 « 0 t0 §
sccotils timer and s set for X of a second operation.
Earh of the timers controls the holding coils of
60 anmipere suxiliary reisvs which in turn contrel
the direet current source for the camerss wud
lasups. A double pole, double throw. center
position “off”", toggte switch is locatled in the
panel for cach cameen unil. This type switch
enables the operator to conneet the cumers to
cither of ihe 1wo tandem recycling limers or
_iare 2t in the "ol position when nol in use.
Pilot hghis at th- lop and bottom of serh switch
wdieate which timer o being used by thaet wait.

lnetalled in ke iowee half of the cont-ol panel
are o hattery charger. two 34 volt siorage be. teries
ond suxiiary switches This section is wired W
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permit the use of cither battery ns a voltage
supply while the other is being re-charged or
both batteries may be used at onee thereby
permitting little drain on cither battery.

Located at the base ©f cach ~amera is an
auxiliary switch which verniits manual operation
of the camern and L hting. This cnubles the
operator to check the function of the unit und
aids in loading the film.

Figure 3 =hows n photograph of the control
punel with various sections indicated.

V. TEST DATA AND CURVES

All test data are recordad on Eastinun Negative
Super XX filii aind process develaped.  Processed
film is read by means of o microfibn reader und
the data recorded for ench frame. The duta
obtained from these remlings are used for the
plotting of time-deformation curves. Shown in
Figue 4 15 u photograph enlarzement of a single

framme of 35 mm. teci filim showing the strain
counter and timers.

SUMMARY

Two time-deformation curves wre shown in
Figure 3, one of which was produced from readings
tuken by personnel during the normal cight hour
work period while the second was produced from
datu obtained from a regular test film. Thia
ciearly shows that a continuous type of recording
it necessary to obtain a relinble time-delormation
curve.  Asshown by the rurie plotted by manual
readings it is difficuit to determine where the final
stage of creep really started while the second rurve
clearly defines all the deformation occurring in the
test specimen.  The difference is more pronounced

in tests of shorter duration where creep is acceler-
ated due to the application of higher stresses thus
requiring manual readings to be taken almost
vontinnously.  The loss of data during off duty
hours would »lso be mare significant in the shorter
tosts.

The photographic method of recording test data
is highly beneficial in many ways. Tt (1) provides
a permanent test record, (2) allows skilled person-
uel who were formerly tuking manual readings to
be free to nccomplish other tasks, and (3) providos
for reading of completed test films by clerical
help.  Forinerly the manual readings were taken
by qualified engineering personnel due to the
accuraey and other requirements which were
essential in obtaining the readings. It has been

found that since this methed of recording has
been emploved a saving of approximately 75 per-
cent it inan hours has been wttained.

Fiuvag 4. Single frame shotograph o tewt flm.
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ABSTRACT— { semiquantitatitv method s described for determining
polvmer blends and co-polvmer ratios from the infrared spectra of
their pyrolvates (distiliates). The method was esiablished through
the analvsis of phendlic resin blends in Buna- N\ rubber. and by
determining the percensage uenlonitrile in busadine acrvlonitrile
vmers.

method described here permits the semi itatir= analvsis
of Bune N phendlic resin blend:. which because of their phvsical
state, cannot be analvsed by conventional methods. It also makes
it possible 80 estimate the amouns of noncombustible maserials in
these polvmers.  The method is based on the pytolyaate technique

Quantitative Analysis of Elastomers Through
the Infrared Spectra of Their Pyrolyzates

combined w«ith standard infrared quantisative procedures.

INTRODUCTION

Infrared methads have been worked-out for the
quantitative snalyss of polymier blends and co-
polymer ratios by other invesiiators 11, These
methade are hasnd on the fact that the polymers
will dimolve in organic solvents and can be pre-
pared [ree of compounding ingredicents for speciso-
AOPIC InTrtigations.

Buna-\ pbenolic resin biends cannot be an-
alymd by conventional methods becaise of their
physical make-up. Buns-N phenolic resin blends
wety found to contain phenolic resin and all of the
polymer Ulend did st dimolve in o-dichloro-
bensror, the solvent commonly eu ploved to
dmsolved vulcaniaed rubbers. The use of stand-
ard procedures for the quantitative analvss of
the polyiner blend » thus prevented.

The wm of the infrared spectre of pyrolyzate
(distillates) for the quaktative analysis of complex
organic matenials wis demonstrated by Harme (1),
Krac and Wallace (2).  They showed that unique
and reprodunible, although undoubtedly comples.

@M 00—

prrulysis prodicts wers obtainable.  These prod-
urts gave distinet and reproducible infrared
spectra.  This fact led 10 the development of a
semiquantitative method for the snalyzis of Bune-
N\ phenolic rvsin blends  through the infrared
speetrs of their pyrolvzates. The method is
based on the prrolvsis technique combined with
standard infraned quantitative procedures.

Pyrolysis products of sev.ral known blends o
Buna-N phennlic resin wene prepared and a
working curve for the estinstion of unknown
blrinds was established. The vabdity of the
seruiqua. tative pyrolvsis technique was further
ratablished by determining the percentage scrylo-
titrile in Buna-N elastomers. The acrvlonitnle
content of Buna-N elsstomers ~an be determine
by eanventional methods and was only included
to demonstrate the gencral applicability of the
semiquantit=*’ ¢ pyrolyss method.

It is part Ay noteworthr that the elastomers
can be sepe  d from carbon black and wnongenic
matenials it ine rubber, waving & clean residue
The re idue from the pyrolysis of several Buna-
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N phenoiic resin blends, containing known
amounts of noncombustible materials, was col-
lected and weighed to determine if the noncom-
bustible ingredients could be analyzed along with
the elastomer.

Although the resulis were somewhat high in
cach sample, de to a slight charring of the clas-
tomer, the diffi rences between the calculated and
measured values wera fairly constant. The py-
rolysis lechinique, therefore, provides a semiquan-
titative method of determining the amount of
material together with the elastomer. Further-
more, the technique isolates the inorganic meterials
from rubber in a form particularly suitable for
spectrographic and X-ray analysis.

Apart from the longer time required to prepare
the pyrolyzates the method discussed here apoears
to have several advantages from a qualitative
aspect. These advantages are described in Ap-
pendix I.

Section 1.

SEMIQUANTITATIVE ANALYSIS OF
BUNA-N PHENOLIC RESIN BLENDS
AND CO-POLYMER RATIOS

APPARATUS:

Baird infrared Recording Spectrophotomreter,
Model B. Sargent Micro Furnace, (‘ombustion
Assembly, Zimmerli Gage, and a Duo-Seal Vac-
uum Pump. The pyrolysis was performed in a
con.bustion assembly capecially constructed for
this investigation. The dimensions of the com-
bustion assenibly are probably not critical. It
was designed to allow reproducible conditions of
pyrolysie that is, vbvivusly, more unportant for
quan‘itative studies than for qualitative analysis.
No detailed investigations were made on the effect
of varied pyrolysis conditions on the composition
of the p:rolyzates. An attempt was made to
duplicate the initial pressure, time, and tempera-
ture conditions for the proparation of each pyrol-
zate. The assembly and apparatus used to pre-
pare the pyrolyzates are shown in Figures 1,
2 and 3.

Frouvre 1. Combustion Apparatus—dismantied.
A. Combustion tube
B. Combustion axsembly
C. Roceiving flash
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CHEMICALS:

Chlorcform, Octagon Process, Ine, USP Grade:
Acetone, Eastman Kodak Produect “white label”
quality. Both chemicals were used directly from
the bottle without further purification. Dry ice
was used in a cold trap in the preparation of the
pyrolyzates.

PROCEDURE:

A two gram sample of rubber was placed in the
combustion tube (Fig. 1a), and the combustion ap-
paratus assemmbled as shown in Figure 2. The
combustinn tube was placed in the furnace, the
receiving flask (Fig. 'c) covered with dry ice, and
the open end of the combustion assembly con.
nected to the vacuum pump. The other tube of
the assembly was connected to a Zimmerli Gage
to record the pressure during the pyrolysis. The
completely asscmbled apparatus is shown in
Figure 3.

The pressure in the aystem was red-iced to 2
mimn of Hg., the furnar - turned on, and the sample
heated to a temperature of 540 to 580° C. This
required about 15 minutes when the furnace was
opurated st 110 volts.

The pyrolysis products which formed were
present in the dry ice trup and in the receiving
tube leading to it. They were washed out with
8 30-70 percent blend of acetone and chlorofor.
All the washings were combined and the solvent
evaporated under identical conditions for each
aaniple. The resulting tarlike pyTolyvzate was
placed between rocksalt plates using a 0.05 mm.
spacer and the infrared spectra recorded on a
Baird Mudel B Spectrophotometar. The spectra
of the Buna-N polymers blended with 0-33 per-
cent phenolic resins are shown in Figures 4 and 5.
Absorption bands charactesistic of a CN linkage
in cured Buna-N clastomert with known amounts
of acrylonitrile, are shown in Figure 6.

COMPUTATION OF DATA AND
RESULTS

The method used for preparing the working
curves for detenmnining the phenolic resin content of
Buna-N phenolic resin Wsnd was that employ: d
by Dinmmore and Smith (3). It was shghtly
modified by using base-line absorbance retice
This wes ¢ 0 mininize errors dne to the in-
ahility of r+  ducing sample thicknesws using
demountabl  lis  The base line technique was
used to circumvyent possible etrors due to the

»




Frsrags 3. Combustiion apparetun used (0 pewpare pyrolyastes.
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ratios of the two bands used in plotting the cali-
bration curves.

The ebsorbance of the bands ut 2.95 and 4.48
ivicrons was computed according to the formula

1
A=Log,o i

Ths absorbance values and the percent phenalic
resin blcads for the samples analyzed are shown
in Table I. The plot of the absorbance ratios of
these bands, computed by the formula
Absorbunce of the 2,95 micron band

P=Tb§orbnme of the 4.48 micron band

against the percent phenolic resin blends are pre-
sent=d graphically in Figures ¥ and 8.

The plot in Figure 7 constitutes the calibration
curve for Bana-N nolymers blended with 6 .0
16 percent phenolic resins. A fairly straight lins
relationship was obtained for this set of data in
the runge shown. With higher percertages of
phenolic resina in Buna-X rubber s straight line
relationship is no long:r obeerved. The working
curve prepared from the apectra of Buna-N poly-
mers blended with 0 to 33 per~ent phenolic resins
is shown in Figure 8. Asimilar curve was obtau.ed
from the spectra ¢ the same pyrolyzates recorded
on a Model 21, Perkiz-Elmer Spectrophotometer.
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‘TaBLE I.—Aba vance ratios and gpercenlages of phenolic
resin blonds in Buna-N rubber

IP«ercent 2 bsorb- | Absorb- | Absorb-
Sample phe- | ance of | ance of | ance
No. nolic 2.95 4.48 ratio

band

Cali-
bration
curve
resin

0. 134
0.179
324
108
238
359
127
165
228
232
163
158
374
38U
532

-

cemmeceREEmoco
cccoccosocoese

WS my === Cnin

Lol R el
W
DD OOODE T DL 00000000000

None of the calibration curves prepared for
the Buna-N ovhenolic resin blends terminated at
the origin of the coordinates, but rather at an
absorbance reading of 0.3 to 0.5. The int.ccept
indicated the presence of absorption in the 2.9
micron region in the Buna-N elastomers not
blended w'th phenolic resins, which is, indeed,
observed in the spectra of Buna-XN rubber
presented in Figure 5 A.

An absorption band at 4.48 microns, character-
istic of & nitrile linksge, present ir Buna-N poly-
mers contairing approximately 19, 27.5 and 35
percent acryionitrile was used to construst a work-
ing curve to determine the percentage acryloni-
trile in acrylonitcile butadiene co-polymers. The
atacibunce values for the 4.48 microa blend com-
puted by the base-line technique, together with
the known percentage range of acrylonitrile in
the Buna-N elastcmers used in this determina-
tion are shovn in Table II. A plot of the absoib-
ance at 4.48 microns versus acrvlonitrile content
of Buna-N olastomers is shown in Figure 0.

Taarr I1.--.Absorbance ratics and peree 3 of the acrylo-
Avirile mnluuul " bnlaauw-ocrylomln‘x co-polymers

Absorh-
e ane of

perce £ | 448
of micron

I Aver-

!
S.mple Cypc of clas- u:rylo—
tomer ‘ nitrile
given | acryhs-
’ {percent)i nitri -
Paraeril 8., 18-720 l 19
Paracril¢6__. . 23-9 7.8
l Paracril 35.. 35 35




T

h‘l.o de‘

3

R

Cabheatian curve for Buna-N rubler biended with 0 167 phenuie rean

3%

14"

Fawvne 7

PR

H

-
o -

f ' .
m'o,*u rm 0.._5_«104».«

T
!
bt




RSURRRST S

Fraime N

Chabibeation curve for Buna-N rubber hicnded with 0 137 phenolic resin




N Al ad
Fiorar 9.

DISCUSSION OF RESULT

This report demonstraies that polvmer Heweds
and co-polvmers will vield unique and reproductbie
pyvrolvzates, nrd that their infrared spectra reflect
the composition of both the polymer blends nnd
the co-poly mer ration.  No exhwustive treatment
has been piven to evaluate tue accura-y of the

quantizative results.  Observation of the scattei-
ing of points ou thic working curves for Buna-N
phenolic resin blends makes it appear that the
phenclic resin content of such blends can be esti-
mated with 2 pervent in the 0-33 percent range.
An unknown sample of vulcenized Bura-N phe-
nolic resin blend was unals 2ed by this method on
a Baird Infrared Spectrophuiometer and a Perkin-
Elmer Model 21 Spectrophotometer.  The results
of these wnalyses for the phenolic resin content dif-

Graph of absorbance of .48 micron band versus percent acrylonitride in Buna-N rubber

fered by less than one percent. The accuracy of
the method is, of course, dependen’ on the use of
essentially identical polymers and compounding
ingredients in the unkr.own and known blends em-
ploxed in preparing the working curve.

The nominal value of acrylenitrile content of
several commercial Buna-N polymers was used to
construct tue working curve shown in Figure 9.
In each case the average value for the normal
range of acrvlonitrile content was used. This
calibration curve appears ni least adequate for the
identifying commercial Buna-N pelymers of vary-
ing nitrile content.  ¥ven with a nominal value of
acry lonitrile cont. sed as standards in plotting
the working curve acrvlonitrile content in the
butadiene co-polv.  can be estimated within 3
percent in the 18 to 4 petcent range.  The accu-
racy of the method described does not compare
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favorably with that of existing methods for the
quantitative analysis of polymers. Its advantage
lies in its application to systems which cannot be
handled by existing methods and in its speed and
convenience in determining semiquantitative re-
sults which are often sufficient for the use of rubber
compounders.

Section 2.

SEMIQUANTITATIVE DETERMINA.
TION OF THE NONCOMBUSTIBLE
MATERIALS IN BUNA N-PHENOLIC
RESIN BLENDS

A quantitative analysis of ihe noncombustible
muteria] was conducted on several of the phenolic
blended Buna-N rubber samples to establish the
pocsibility of determining the ash content along
with the elastomer. In the samples analyzed the
residue remaining in the combustion tube was
transferred to s containe: and weighed. Inasmuch
as the residue of the carbon black and inorganic
materials retained the shape of the original rubber
sample, it was easily removed by gently tapping
the combustion tube. The results of these anal-
yses are shown in Table III.

Taspe II1.— Results o{’t‘h analysia of the residus in Buma-
N phenolic renin

Wt. per-
cent resi-
due found

35’——00
§o 40 3390 4 40
("B~ ) .¥- Y]

Wt. of Residue X100
% Residue = wr 8 boer Bample

-33%

The weight percent of the noncombustible
1esidue found in each determination was some-
what higher than the calculated values. This
was expected, inssmuch ss small amount of
charring occurred in the combustion tube, partic-
ularly st the ground glass connections, during
pyrolysis of the sample. Cf the six Buna-N
phenolic resin biends dotermined the deviation in
the diffsrences of the calculated and measured
porcentages of non-omtustible ash ranged {rom
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2.7 to 3.9 percent. The average value of the
differences in the measured and calculated ash
content was 3.2 percent. Although the results
were somewhat high in each case, the ~onsistency
of the values permits the use of a factor so that a
semiquantitative estimation of the nonombusti-
ble material in the rubber can be adequately made.
Although the technique does not compare favor-
ably with existing iuwthods of analyzing non-
combustible materials in cured and compounded
elastomers quantitatively, its advantsze lies in
the speed and convenience of determ.ining the
residue simultaneously with polymer blends or
co-polymer ratios.

Section 3.
CONCLUSIONS

A simiquantitative method of d. ermining
polymeric blends and co-polymer ratios in elasto-
mers by the infrared spectra of their pyrolyzstes
has been established. The applicability of the
technique was established through the analysis of
blends of phenolic resins in Buna-N rubber, and
by determining the percentage acrylonitrile in
butadiene acrylenitrile co-polymers.

Although no exhaustive study was made to
evaluate the accuracy of the quantitative results,
the scnttering of points on the working curve for
Buna-N phenolic reein blends indicates that the
phenolic resin content can be estimated within
42 percent within the 0-33 percent range in-
vestigated. The calibration curve for the deter-
mination of acrylonitrile in butadiene co-polymers
a pears at loast adequate for the differentiation
of commercial Buna-N co-polyners of varying
nitrile content.

A semiquantitative method of determining the
noncombusiible materials in Buna-N rubber
simultaneously with tho phenolic blends and oo-
polymer ratics was also perfected. By using s
factor the total noncombustible material can be
estimated within +§ percent.

(‘onducting the pyrolysis under reduced pressure
and with controlled temperatures gives s more
reproducible pyrolyzate, with less ch.rring than
those prepared at atmospheric conditions using »
Bunsen b+ ner. The technique used he re partially
separat e phenolic resin from the Buos-N
rubber  ritling & more effective identification
of the wmuviduel corstitutenta in the elastomer.
The technique isolates the inorganic materials




;rom rubber in a form particularly suitable for
spectrographic and X-ray analysis.
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APPENDIX |

Advantages of Preparing Pyrolysis Products
Under Controlled Conditions for Qualita-
tive Analysis

The technique of preparing pyrolyzates under
controlled conditions is intportant in the qualita-
tive analysis of commercial mixtures and polvimer
blends because the organic materials, ure removed

from the noncombustible residue, and in many
instances, partislly separated into individual
constituents. The technique, therefore, allows
the identification of the organic counstituents
present in the mixture. Pyrolyzates of Buna-
N phenolic reein blends collecting in the dry ice
trap were found to be richer in phenolic resin
content than thoee collecting in other regions
of the combustion assembly, making it poessible
to identifv both the polymer blend and the base
elastemer. Other commerrial mixtures such as
lucquers, puints, adhesives, ete., containing, in
addition to carbon black and inorganic fillrs,
a variety of organic constituents might be suffi-
ciently separated to allow their identification ir
one operation. Under conditions of reduced
pressure and lower temperature a more repro-
ducible pyrolyzate with less cracking or breaking
down of the polymers into lower molecular weight
components appears possible. Although more
time is required to prepare the pyvrolyzaies under
controlled conditions the partial separation of
the organic materials with less charring makes
this technique sttractive from a qualitative aspect.
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An Electrical Conductance Test Method
For Measuring Corrosiun

D. ROLLER

PURPOSE

To investigate a sensitive test method for dster-
mining the rate and amount of cortosion of a
mwmetal  specimen by measuring  the  corroding
specimen’s change in electrical ~onductunce.

FACTUAL DATA

1. Theoretically, the amount and rate of cor
rosion of u metal can be deiermined by measuring
the change in electrical conductance of the cor-
roding specinen.  Sinee the electriea. conduet-
ance of & metal depends on its cross-secticnal
aren, a decrease in thickness or cross sectional
aren of n specitmen due to corrosion may be
evaluated from the corresponding decrease in
conductance.  Measuring the rate of corrosion
of u metsl specinet. by mensuring the change in
clectrical conductaiice has many advantages over
oider, more conventional, metheds such as weight
ioss, gmsomnetric, or visual means A discussion
of the theoretienl aspects of the method is found
in Appendix I, Section 1 Appendix [, Ssetion 2
discusses  the pamerous  advantages and  the
linnts of applicability of the electrical conductance
method in comparison with other. muwre conven-
tonal, methods.

2. Essentially this miethod depends on passing
a known awmount of current throygh x metal
specimen, easunag the voltage drop across the
specinen, and then esleulating the coo-luctance.
The necossary manual or automatic revonding
rquipment for making tlese measurenients s
demeribed ar Appendix [

3 Thin ribbon spectimens in which the widih
proporticnatdy »ery much larger than thickness

MY a2-—4¢

buve been found most convenient because of their
grenter sensitivity and ease of mathematical cal-
culation.  Other possible tyvpes of specimens
could be made from long metal wires or by use of
nietal  deposition techniques.  Metal specimens
can be placed in alinost any environment, either
in u laboratory or under actual field conditions.
The necessary electrical measurements could be
made without moving the specimens by use of
either manual or nutomatic recording equipment.
Appendix 11 deseribes the use ol various metal
specimiens and  corrasive environments possible
with this method.

4. The method of muaking measurements, either
manually or with automatic recording equipment
wus not difficult but the amount of raw data ger-
ernted was large.  To make reliable conclusions,
proper lechniques of experimental design were
necessarily combined with appropriate statistical
methods for evaluating test results. Techniques
of experimentsl design and the inethods of
unalyzing experinental data used are shown in
Appendix 1V and V.

3. To determine with whst accuracy and pre-
cision corrusion rates could be measured, pure
g n-simm fibbon specimens were placed in vasi-
ous -orre. e environmentis. These tests showed
that reproeducible results could be obtained which
agreed well with theory and with results available
by other techniques. These tests are describ
in Appendix V.

6. Further test programs have been initiated ©
aid other research ' developrient investiga-
tions. These prog include development of
suilable inhibitom 1 amang nitnic acid, develop-

ment o new surface treatments for magnesiumn
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alloys, and determining the effect of humidity on
the corrosion rate of metals. These future pro-
grams are discussed in Appendix VI, Sections 1,
2, and 3.

7. A literature survey indicated that previously
a number of investigators have used this priuciple
for the solution of special problems in corrosion
research. Apr ndix VII coutnins a bibliography
of technical articles deseribing previous investiga-
tions in which corrosion rate studies were made by
observing the change in electrical conductance of
the specimen.

CONCLUSIONS

1. Both theoretically and in practice, mneasuring
the rate of uniform corrosion of a metal specimen
by measuring the change in conductance of the
specimen will give results of practical significance.
The primary advantages of this method over older,
more conventional, methods of measuring corro-
sion are numerous. Wuen measurerments are made
specimen cleaning is unnecessary; it can be used
in any corrosive environment ; and measurements
are simple, rapid, and precise when corrosion is
generally uniform. The method is particularly
adaptable to classifving similar media or metals
according to their relative corrosivities or corrosion
resistance.

2. Statistical analysis of initial tests as described
in Appendix V showed that resuits oLtained by
this niethod were compurable to results obtained
by other, more conventional, corrosion methods.
The equipment used in these tests can accurately
measure the -“hange in conductance of the metul
specimens.

RECOMMENDATIONS

The Materials lLaboratory, Directorate of Re-
search (WCRTH-3), will make further study of
the application of this method to measuring cor-
rosion rales as ontlined in Appondix VI

APPENDIX 1

Section }.

The electrical conductance method for measur-
ing the amount and rute of corrwion of a metal
utilizes the fact that metals and allovs lave, in
general, much higuer specific electrical conduct-
ance than their corrosion products.  The electncal
conductance of any metal or slloy, at any fixed
temperature, is a function of ila three dimensions

T4

as shown below where C=:(lonductance; L, =nd .1
are the
A
(‘—')—1: (1)

metal’s length and cross scctionial area respectively;
and p is the resistivity, a constant dependent only
on the metal and temperature. For sim plicity of
calculation, a metal specimer: is used such that its
length is very inuch greater than its width or
thickness, i.c., a ribbon. - At any fixed tempera-
ture and using a ribbon speciinen (assuming length
to be constant)

O 1
A= =Constant (2)

Differentiating this equation with respect to time
(t) gives the following equation

(dA AdC

At dt
,’T.=o ®)

which when rearranged shows the relationship
between the change in cross-sectional area with
time us a function of change in conductance with
time

d4_ A dC

o d@ CY)

It should be noted that the ratio of (A/C") is a

constant and does not vary with time. For a
wetal specimen in the forin of a long ribbon,
dA/dt, the reduction in cross-sectional area with
tiine is, by definition, the rate of corrosion of the
metal. On integration, Equation 4 shows thst a
straight line relationship should exist between log
conductance and log area. The decrease in cross-
sectional area by corrosion

Decrease in nm-{«o-;;(l)(.io (in inches)? (5)

The relationships determined above can be used
to messure the decrease in uniform thickness by
corrostion by assuming the ribbon width to be
constant. By similar calculations it is also poe-
sble to relate weight loss and change in conduct-
ance of » corroding ietal specimen.  The npecimen
weight is propo+-‘onal to ita dimensions shere 1.,

Weig Denmty) < (LxXW T {6}

W. und T arc the specitnen’s three dimonsions and




D is the metal’s density, a constant depending
only on the metal and its temperature.

Solving for the area .1, substituting in Equa-
tion 1., and canceling,

C

Weight (M

Using

where K= R_ﬁl-}-(_l:’ in appropriate units.

the same techniques us before, it can be shown
that the change i conductance has a similar
relationship to the change in weight as to the
change in thickness or cross sectional area.  The
use of conductance, the reciprocal of resistance,
has provided an exact relationship between rate
of corrosion and change in conductance with
time. Plattad graphically, the change in conduct-
ance oi a metal specimen is directly proportional
to its chaage in thickness and its change in weight,
where us resistance change is not. I resistance
is used in deriving these equations it is necessary

to assume that the initial resistaree and thickness

are equal to the resistance and thickness over
the time interval in which measurements are
made, that is. that

R.=R.wd T, xT, 8)

and this i3 only an approximation, truc up to
about a 20 percent chunge in resistance

If wire specitnens were used in place of nbbon
specimens. the theoretical equetions relating cor-
rosion and conductance change would be similar.
A problem with wir+ specimens is providing for
“potential” and “current” leads without intro-
ducing uncontrollable errors due to heat treating
or cold working of the nietsl at the junction
points. Appendix [l is a more detailed discus-
sion on metal specinens as usad in the dectrical
conductanee method.

Section 2.

There are a number of methods for deternuning
the smount or rate of corromon of a tuctal, cach
methad having its own particular advantages and
Iin:itations. The major methods, wchubing cer-
tain qualitative ids, arc: visual observations, jom
or gain in weight, gas cvolution or atsorption.
changrs in phya-a! propertirs tsuch as tenmle
strongth!, optical methads, and elecincal mess-
wemments tsuch &z slectrometric. clectrochemical,
and eloctrical conductance methods:

Because the ieaction mechanisms associated
with cerrosion are complex nud because of the
diverse envitonmental conditions that may be
met, there are many inter-reluted fectors of
iinportance in determining the reproducibility
and accuracy of experimentally determined cor-
rosion rutes. In general, these factors involve
the metal surfuce, the corrosive environment,
and the method of measuring cortosion. The
best method is the one which eliminates or reduces
rundom and uncontrollable errors.

The electricnl conductance method has manv
advantages over other methods used for deter-
mining uniform corrosion rutes. Essentially, it
eliminates the need to clean or handle the the cor -
roding specimen prior to measuring the amount of
corrusion, thus reducing a major source of error.

Electrical conductance measurcments are anal-
ogous to ‘“electrical weighing”, that is, they are
sensitive oniy t~ the amount of metal which .-
mains uncorrodad. The electrieal condustunce
of the metul specimen is unaflected in most cas=s
by scale, dirt, or other corrosion products. Thus,
the sample could Le placed in alinost any corrosive
environment. either in the laboratory or und-.r
service conditions; and one need only mensure the
change in electrical conductance with time to de-
tennine the corrosivn rate. The method s easily
ndopted to produce x highly sensitive, continuous
recond of the progress of corrusion of a metn)
specimen in situ. It is particularly adaptable o
measunng very low corrosion rates where rer: oval
of corrusion products might introduc> error  The
elecirical mensuretnients are sinple, rapid, and
precise; they require no appamtus not - rdinanly
available.

The method s best applied wher: the corrosion
i rensonably uniform and free of an excessive
number of large pits. This = aleo true of other
methods, such as weicht loss, which quantitatively
measure corromon fates. i{ the specicnen coe-
rodes fairly uniformly, the reproducibility is, in
peticral, much better than i the attack occurs
only =t a fo. discrete points.

As with dsta from any laborstory test, comad-
erable caution must be exercieed in interpreting
resnlts in terme of sevvice performance. There s
xich & wide vafiance in the behsvie of metals in
different types of enviraments that no one
even severnl accelern abosi ory tests can pos-
mbly be stnctly e ted o terms of actusl
service of such mates




APPENDIX 11

Mensurements used to determine the change in
clectricnl conductance of n specimen consist of
pussing a known anmount of current through the
metal, measuring the voltage drop across th-
speeitnen, aid caleulntivg the conductanee using
Ohm's law. " 1e measurin -ircuits required no
apparatus not ordinarily avaiiubis in the labora-
tory.  The primary parts of the circuits censisted
of u potentiometer, a current source, variable and
stamdard aesistors, a constant temperature bath,
and  such  electrieal components as  switches,
ammeters, and junction boards. Figure 1 is a
general pictorial dingram of the measuring cir-
cuits; Figure 2 is a scheniatic druwing of the actual
manual cireuits used in this investigation; and
Figure 3 is a schen atic drawing of u continuously
reconling electrical cireuit.  Figures 4. 5, 6, and
7 rre pictures of the equipment and specimens
used in this initial investigation

Current was supplied by a 6 volt, 3 cell, neid
storage battery which wppearad to be a fuirdy
stable current source.  The amount of current is
determined by using u 1.00 ahm standand resistor,
unmersed in oil, and meastzing the voltage drop
msing the potentiotieter.  The current was then
directiyv equivalent to the voltage drop.  Nince the
amow- v of current (6.3 to 0.5 rinps) was sundl,
the battery did not newl frequent recharping.
liowever, a scparale recharging circuit was con-
wected Lo the battery by ineans of switches.  If o
high grade electronic DC voltagre source 1s avml-
able, a large constant resistor may e placed i
series with the specimens.  This would provide o
faicly stable current souree, indepedent of
changes i1 resmstance of the speamen The
current {rom the battery was adjusted by use of
a vanable carbon pile remstor.  For continuous
tmeasursnients a metal specimen 1in a noncorroding
- ia istel as benacur; was placed in the thermo-
statically regulated bath and used as a standanl
resistar  In  this manner, any furtuation :n
temperature or curivnt could e compensated for
whett calculatrons weis made.

To reduce the possbility of electnically heating
the metal specinien, the current used wae usually
loss than 035 amperrs Thie doctneal heating
ofiect 13 the heat 1o calonies developed in a arcut
by an ddectne current of [ ampeees flowing through
n prematance of B ohms for 2 fime, . s~onds,
‘rlated as shown bedow

RI't

Heat 0n cdrn«v-“h

it —®—

S —

POTENTIOMETEN

. STOMAGE BATTERY

. 3TANUAARD RESISTOR,
AMMETER

VARIOLE REJISTOR
sPECIMgEX

. THERMOSTAT

Pictorial diagram of electrical circuita.

1.00 OmM

& NMmMO e e

Frovax )

The temperature nse, AT which occurs in the
metal speeimen when cectrically heated is eqial
to tiie heat ih calories divided by the mass of the
s ecunen in, mi, grans times the specific heat of
the specimen, s, or more properly, the thermal
capacity of the specinen. This  relationship
between temperature rise, curvent, and lUme s
sh ywn below.

RI'T
A= s
Tiicoretical calculations shox  that ondinaniy
temperature changes no greater than 025° ¢
she uld occur from clectnceal heating offects du ing
the few seconids necded to take & reading.  Sence
most melals have a small resistance change pee
degrre contigrude, the effect of dectnical hesting
of the specimen should e small  To further
reduce this source of crror. dunng sach test,
specitmens are placed in s large constant tempera-
ture bath

Alesds actbryp Company K-2 potents-
ometer was « to messure the voltage drop
scroms the starard remstor or the medal specimen
This very scmlive instirument can measure with
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rrooexg 2 Eleetaval airretts manual mquipenent

rotat arcuracy poiectials up to b evalts A sens-
tive external pulvarometer nas used to mdjus
and bulance the potentiometer cuvurt A poten-
tometne cirvuit was Wsed 10 redin e any error
amaciated with carcuit contact resstance poants
By having separate “current amd “potential’” bwds
on a spevimen and messunng both the current and
voltage drop acroms the spevimen., the effevt of any
resastance in the curvuit othier than speeimen rewast -
ancce was removed

Two constant tempersture baths were foundd
useful  The larce hath. I8 inches by 36 inches
msde coubl badd 36 aprciniens gt e tune ar-!
could b canvenientiy uwsd for Jonz term temts o
conjunciion with the automate recanhing equip-
ment  bguipped with aptaton brating elenents
erd thermo-reculatons it was capabl of attasng
trmperature: gp to 100° € with a teupersturee
comtrol of txtter than =013t For maoual
opershion, specitmens couki by placed 13 specimen
holders attached 1o short leads whwh weer
nmovated premanently to termiinal boands and can-
ue-terd by echie to g switch hox Thus, by propes
swatching it was pomable to mcssure the dectrncal
conductance of shy specsmen n the larpe bath

1 3
[]
~
110y AC
2 BATTER™Y
® VARIABLE RES:STONM
2 TEST SPECIMENS
SwUNETER

£ MERACURY SWMITCH AmD Cu'w
F. v vis

REICADER, 10-20 MV RANGE
n SELECTUR, 12 POINY

Fr.tme 3 Electrooal circuits  automalic equipmen®

A\ «wnall round glass iar. 12 inches in diamerer,
was used {or spreial tests. The bath could attan
temperature: of 107 O and by using a senstive
bunetall thermoregulator. tesmperature control of

<607 U conkd be attalned. Seven specunens
costhl bse placed in the bath at otuce. mensurements
beiny miade manually  Narmally. the bath was
uwed whes the corrasave media was conductive and
clevirw al mewsurements had to be made by placing
the speviniens in 8 noacanducting media

i enntained fully sutomatc edectncal reconid-
e rquipment has been demgned and installed to
mewsure lhe changr o valtaze drop of specimens
i ther partwular corrosive envaronment A
Alinne. polss- Honevu el 12 posnt sutoaiate recved-
i polent_aneter was used [t has & range o' 1O
to 20 malivolts with & s nativaty of 0 13 malhivults
The imnstrument mear srad the dlectrnal reantinee
of turlvr metel sprevarns conmvutinely " he
wauld ixlwde several specunens 1n benzvas beny
usel as standard resastars A luning cavust vas
devrloped to incrres Seubality of the aqnp-
Fo erample recarder could be ad-
jasted to measure th  tentral across eack of the
teclve spreunens. aquentiadly, three times then

nent




Fisvre 4.

shuts off for a period adjustable up to two hours
before repeating the operation. By using a suit-
abie can. mechanism, the insirument always
stopped and started at the same recording index.
The length of time during and between each over-
ution could be accurately calculated. A battery
similar to that used with the manual equipment
was used &8s a current source. An ammeter and
variable carbon pile resistor were used to adjust
qualitatively the current. For mobility, the
recorder and supplementary equipment were
mounted on wheels in u metul frame. Nine foot
electrical leads were provided for each specimen,
all twelve specimens being connected in series.
Small alligator clamps at the end of each lead
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could be conveniently attached to the current and
notential leads of a specimen.

APPENBIX M1

Theoretically, specimens of rny dimension for
whick electrical conductance measurements cun
be inade could be satisfuctorily used with this
method. Tt was convenient to use metal specimens
in the form of long ribbons in which thickness wus
proportionately very much smaller than width.
This wns done to achieve increased sensi!ivity and
simplicity of mathemnatical caleulatior. he him-
its of application of this method arose mostly
from the use of these thin specimens, which were
preferably less than 0.020 inch thick.

Most metals and ailoys may be obtgined coin-
mercially as thin ribbon, sheet, or foil;, Fowever,
the cost of obtaining soine metal alloys in such
form: may be prohibitive. Cast metal specimens
could not be used und the very nature of the speci-
mens made them semewhat fragile and easily bent.
There is rls. the chance of introducing uncon-
trolluble errors from the hot or cold rolling, bend-
ing, and cuiting of the specimens,

Typical corrosion specimers used for the elec-
trical resistance method are shown in Appendix
I, Figure 7. The specimens were approximately
15-inch by % inch strips with a thicknes: between
0.005 and 0.015 inch. Slits or *“tails” of approxi-
mately 4 inches from either end served as “po-
tential” and “current” jeads. By using separate
“current” and “potential” lends, the effect of elec-
trical resistance at the specimen contnct points
was removed. Furthermore the exsct dimensions
of the specimens could be measured. The actual
specimen length was from the point of one juncture
(forined by the meeting of one set of leads) o the
other. ‘rlierefore when duplicate specimens were
used, the resolutior of the method was limited
only by the veproducibility of the electrical read-
ings.

The width and lengti of the specimens can vary
over 1 wide range but the conductnuce must be of
un order of magnitude which can be precisely
m~nsured. Specimens should be cut either with a
jigg, scissors, or a sharp knife. It was found best
te have u jig which permitted cutting many identi-
cal specimens. This uniformity between speci-
mens facilitate’ - electrical mensurements and
mathematieul ¢ arisons made between tests.
To further inst  niformity, surface clezning of
each speciman prior to testing was uccomplished
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by using a chemical cleaning or pickling treatiment.
Abrasives or polishes are unnecessary for this test
method.

For experiments at high temperature, it would
be necessury to determine whether changes in con-
ductunce might have resulted from the effect of
heat trentment instead of from the reduction in
specimen thickness due to corrosion. Extraneous
heat treatinent effects can be eliminated by making
corrections from the results of a test run, or by
eliminating these effects by annealing the speci-
mens. Where test temperatures arve near roon:
temperature, 1his effect can be usunlly neglected.

Corresion praducts ure rarely conductive to
electricity ; however, such products would partially
comprnsate for the loss in conductance of the
speeiinen due to corrosion. In such coses, as
formation of some sulfide products, it is likely
that a correction factor can be obtained und used
advartageously. The same is true of meusure-

ments made in conductive test solutions. A cor-
rection can be made for the conductivity of the
solution cr the specimen ... its holder can be
placed in a nonconducting solution (benzene),
electrical measurements made, and the sample
replaced i its corrosive environmeut, proper
allowance being imuce for time in the calculations.

Other types of test specimens could also be quite
useful in conjunction with thie method. It should
be possible to use small diameter wires a; speci-
meus and connect “‘tnils” to act as ‘potential” and
“current” leads. The use of metal deposition to
furnish ribbons on gluss or plasti: is also possible.
Such specimens should be highly sensitive to small
amounts of corrosion and could be vsed as indi-
cators of coriosive cavi=~uirents such as ure
lound in closed containt At present, the use of
metal deposition technic . are being investigated
to determine whether ..k films up to approxi-
mately 50,000 A°, can Le evenly distributed in
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suitable form on a glass or plastic specimen. In
nsing such specimens, Lowever, caution must be
observed in interpreting results in terms of field
conditions.

Specimens could be placed in almost any co--
rosive environment either in the laboratory or in
actual field conditions. For laboratory accelerated
corrosion tests, specimens could be placed in salt
spray cabinets, alternate or total immersion equip-
mrnt, humidity cabinets, or other similur corrosive
environments. For firld tests, samplesin specimen
hiolders could be placed in any environment where
corrosion occurred. Continuous measurements of
the sample’s change in clectrical resistanco could
cither be made with portable ecuipment in the
field or the speciinen in its holder could be taken to
the laboratory, measurements made, and the
speciien returned to its original er vironment.

80
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APPENDIX 1V

A series of initial tests were made to determine
the applicability of the electrical conductance
method. For each test normally four measure-
ments of current and voltage were made alter-
nately, at any predetermined time. Over long
tinie intervals and with lov: corrosion rates, large
amounts of raw data were generated. From this
data, calculations were mnde to determine the
amount and rate of corrosion of the metal speci-
men as outlined in Appendix I, Section 1. Be-
cause differences between metals, treatments, and
corrosive enviroitnent« were usually smal , it was
necessary (o resor statistics to determine if
real differences ex: .

The data from each test was first plotted to
drtermiine the best fitting strmight line. Since
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the mechanisms of corrosion and film inhibition
are fundamentally complex, it was expected that
curves of the form

a. Conductance=a+b (Time}

b. Log conductance=a+b (Time)

¢. Log conductance=e-! b (Log time)
where ““a”’ is th intercept, “b" is the slope of the
line and both are calculated constants, would be
necessary to obtain good estimates of the rate of
corrosion as a function of time. Theoretical
justification for using relationships of this type
are found in the derivation of equatious in Ap-
pendix I, Section 1 and from a knowledge of
reaction kinetics. Straight line relationships were
necessary in order o statistically compare corro-
sion rates between similar tests.

Regression analysis presented a unique way to
determine the best straight line function to fit the
experimental data. The principal of Least
Squares was used to determine the best straight
line to fit the data with an estimate of the varia-
tion of the data from the lire. The correlation
constant, r, is a measure of the variation of the
data from the regression line  Assuming positive

slopes, it can vary from zero to one, where one is
perfect correlation.

By determining which func-
tion of conductance versus time gave the beat
straight line with the least vuriation of the data
from the line, ““d”, the slope of the line, the
change of conductance with time could be com-
puted. Assuming similar specimens dimension-
ally, the change in conductance with time is a
direct function of the rate of corrosion. The
variation of “¢”, the slope of the line, due to the
variation of the data from the line can be esti-
mated by its variance, 8.

Covariance analysis is a ramification of the
analysis of variance developed by Dr. Fisher and
his coworkers in the 1920’s. Covariance analysis
is »ssentirlly the comparison of the variation
between tests with the variance within the tests.
The hypothesis 1o be tested is that the slopes
(“5") of the various lines ure actually the same
and that the differences are dus to random error.
These hypotheses van be tested statistically and
conclusions drawn trom the results can be made
with a certain mathematical probability. This
statistical method was used to analyze data
obtained by the elecirical conductance method.

Becsuse of the ease with which tests could be
made, the large amounts of luta generated, and
the number of calculations needed in order to
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draw meaningful conclusions, the use of punched
card techniques and electronic digital computers
wsas warranted. Onto each carc was punched the
raw data, and by proper programing. all the
statistical calculations could be tnade by the
computers. Errors introduced by making th:
computations on hand calculators were thus
eliminated.

A full discussion on the use of statistics in
interpreting data is outside the scope of this
technical note. Perusal of any standird text-
book on statistics such as, Stalistical M:thods by
Snedecor, Statistical Methods for Research Workers
oy Fisher, and Ezperimeatal Design by Cochran
and Cox is suggested.

APPENDIX V

Initial tests using the electrical conductance
method were made using pure magnesium ribbon
as specimene. Test objectives were: 1, to
familiarize personne! with the equipment; 2,
determine performance characteristics of the
method; 2, determine variation within tesis and
variations between tests; and 4, to compare
results obtained using this method with results
obtained from similar tests using other methods.
('areful analysis of these test results were made
using procedures outlined in Appendix IV.

Because of the initial difficulty of obtaining
reproducible metal ribbon specimens, readily
availahle pure magnesium ribbon was used.
Obtoined commercially in long rolls, the 0.125
inch wide ribbon could be easily cut into suitable
specimers with scissors. A spectrographic analysis
of the ribbon is shown below.

Mg 99.9%

Fe 0.04%

Mn 0.047%

Traces Si, Ca, Lu, Sn, Pb, Ti, Cd.
Variations within the metal ribbon appeared to
be small and this permitted a closer estimate of
rreidual error within a test and between duplicate
tests. Corrosion rates obtained from these initial
tests were not strictly comperable to other
corrosion tests made using other methods due to
dissimilarity betwcen specimens, i.e., tie infre-
quent use of pure magnesium as test specimens.

A representative data sheet containing the raw
data obtained in 7  M-1 is shown in Figure 8.
The column heade  P. refers to the reversing
switch positions the manual - circuit. The
column headed Volts, S.R. and Samp. refer to the




SPECIMEN: Pure Magnesium Ribbon, 18.0°" x 0.125"
x 0.0065'" with 3’ Leads,

TREFATMENTS: Precleated for 10 seconds in acetie
nitrate solution, rinsed in distilled water.

TEST CONDITIONS: Total Immersion in Anhydrous
Benzene at 23.0° C.

REMARKS: Test to Determine Precision and Repro-
ducibility of Data.

TENT DATA

Time

| Temp X, Volts Volis

Conduct.*,

!.\lins‘ Hrs °C P, SR
|

Sump mbos.

0.0 0.0 250 i 20630 008633 23 841

1515 Hrs ... 2 20702 008680 23, 85U
P14 Mar 120042 L OUBGTT 23905

*55 220769 . Q0SGYS 23,878
! 1 LO11350 23,871
: 2 L011408 23851
| 1 011401 23. 876
: 2 L011394 23, 846
6A 230 1 L013800 23,853

‘ 233237 . 013923 23872
1! 1. 33280 . 013948 23 877
| 333333 . 013936 23, 883
! 134726 . 0U4547 23871
‘ 2 BATAT L 014331 23 880
i 1 34TRE 014556 2 86
1 233005 L 015082 23, 866
,‘ 2080 250 1 L 36015 L 01505)
; 236030 . 015088
; 1 .36075 . 013114
| 2 MSIT L 014577
> 134747 014341 23896
! 2 34813 L 01ATE 23887
]

Standard resistor: --— Ohms

Duplicate test No's: M-2
Comparison test No's: M-t M-10
Intercept of curve: 23.874
Slope of curve: 0.00
SAMPLE DATA SHEET FROM TEST M 1

*Conductance (in mhos) =
Volts 8. R.

Resistance S.R. (ohms) XVoits Samyp.
F.ounre 8

voltage rendtings obtained from the K-2 potentiom-
eter when current is pussed through the standard
resistor and test specimen respectively. Even
though resuits of some tests did not warrant
statistical analysis due to small fluctuations,
statistics was used primarily for familiarization of
personne} and as a check o wehnique, both of
manual and machine computations.

To insure uniformity between specimens, surface
clerning of ench specimen prior to testing was
accomplishied with a chemical cleaning treatment.
This consisted ot dipping with agitation each speci-
men in a 20 percent acetiv nitrate solution for ten
scronds, -hen thoroughly rinsing with distilled
water. Abrasives and polishes were ‘ot used.
‘The specimen was weigied and then rindomly
nssigned to u test environment. After each test
and prior to final weighing, the specimen was

dipped in a boiling 20 percent chromic acid plus !
pereent silver nitrate, which precipitates any
chlorides present.  This trentment preferentially
removed any corrosion products on the specimen.
The treatmenis used for these tests with pure
magnesium are deseribed in Military Specification
MIL-M=-3171A; Paragraphs 3.3.2 and 3.3.8. The
solution compositions and operation used were:

Acetic Nitrate Pickls

Glacial aeetic acid _ .. . .25 1. 02,

Sodium nitrate ... 6% 0z
Water to inake . . 1 gallou
Operating temperature . . T0-80° F

Immersion time Approx, 10 see.

Chromic Aeid Pickle

Chromie reid e e 240z,
Nilver nitrate . . . l3oz
Water to make . . L. .. 1 gallon

Operating temperature . . 190-212° F
Twimersion time ... oL L-15 mins,

Tests M-1 and M-2 were made to show the
corrosion rate of pure magnesium when totally
immersed in anhydrous benzene for periods up
to 700 hours (30 daysp.  Even though it is well
known that anhydrous benzene will not corrode
pure magnesitin, il was desired to re-establish this
fact using this sensitive corrosion test as well as to
determine the variation (or random error within
the test).  As shown in Figure 8, within any set of
readings (up to twenty of current and voltage,
tnade at any one time, the enlculated mean con-
ductance had a standard deviation (s) of approxi-
mately 20 micromhos. For periods up to n
month, specitmens did not tarnish or corrode at all.
Statistical differences between sets of readings
taken during the test were no greater than varia-
tions within any particular set of readings. Dif-
ferences between sets of readings appeared tv be
due to minor fluctuations in the temperature of
the water bath and residual error within the
equipment. Results of these und other tests
reported in this Appendix are shown in Figure 9.

Tests M-3 und M-4 were made to determine
the effect of tempernture on conductance. Having
determined th -t anhydrous benzene aoes not cor-
rode magnesium, but knowing Jhat small changes
in temperature did affect the measurements, it
wus desiruble to determine conductsnce as u func-
tion of temperature. Mugnesium specimens were
wotally immersed in benzene and conductance
measurenents made at 10° intervuls up to
63° . The cliange in resi ‘e, the reciprocal
of conductance, us a funct  of temperature is
shown in Figure 10.

8




Test conditions

Totally

immersed in Temp. Towal titme

700 hours
T hours

" Anh. Benzene
Anh. Benzene
Anh. I onzene

Anh. Lenzene

Acetic Nitmte So-
tution.

Approx. 9.1
NKQOL

Approx. 0.1
NKCL

Artificially
COrfi ll‘(lA
3.67 hours

M-T

4.77 hours

change .
conduet-

Percent Regression line coefficients ?
Peeeent
wi. loss

anre furms.)
tmhos) ft r!

D4R 0. 96
3065 [1R}) )
033071 L4653 10-4 0,98
33078 1322 2 10-4 .98
See Fir. 11 SeFic 11& 059
& 12 12 ‘
3927 1.634% < 10-3 ¢ LG

03937 L7 - jo-3 L U5

' Using the methad of Least Squares to determine the hest fitting reeesstion line of resistance versus Time or

Temperature wiere 17 is the intereept and

boas the .\lnln'.

2 The correlation coctlicient. r, is o measure of the dispersion of the data from the calealated line, where r = 1.0 s

pecfect correlation.

FOR MUl ®-3, R« 03301+ 110 BOB RO
FORRUN M. 4, %+ O°__T8e 11 312 RICUUTL

3

RESISTANCE = OMMS K 10"
$ 2

e n LM 30
TTaP{RATUAL I}

CHANGE 'N RECISTANCE VEASUS TIMPEAATURL FOR MAGRES UM
RIGBON TOTALLY eMERSES IN BENZENL

Fisurae o

It waus noted that correlation between tests was
good. The twu straight line relntionships were dis-
placed (different *a* values, or ¥ intereept) due
to slightly different speciven lengths.  The two
best fitting lines uppenred o have the sume slopes
and this was shown by the ealeuluted slope con-
stants b which were 0001565 and 0001322,
Statistical snnlysis showed that no real differences
existed between the dupficate tests und that both
tests could be represented by one nvernge line with
u slope of 0001344 wand on “a” vulue of 0.033075.
The caleuluted correlation coefleient for the aver-
age regression line obtained from both tesis was
0.95, where perfect correlation between the caleu-
Inted regression line and the data would be 1.0,

The temperature resistance coeflicient of a metal
13 defined as the ratio of the change in resistance
due to a change of temperntuie of 1°C to its
resistance at 0° (. Using the average caleuinted
“n® whisl s ihe resietance of magnesium at 0° ¢,
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this coeflicient can be calculated from the results
of these two tests. .\ value of 0.00412 per degrec
Centigrade was obtained whicl: comipares favor-
nbly with the value of 0.004 per degree (‘entigrade
obtained by the Bureau of Standards for pure
magnesium metal.

Most quantitative corrosion tests make use of
n netal’s loss in weight us a measure of corrosion.
Teat M-5 was made to try and correlate change
in conductance with change in the specimen’s
thickness nnd loss in weight. \cetic nitrate solu-
tion wans used as the corroding agent a3 it will
rapidly and uniformly attack magnesium. The
conductance, thickness, und weight of the mugne-
siur: ribbon specimen was determined prior to
and after each successive rapid dip into the acetic
nitrute solution.  \fter each dip into the nitrate
solution, the specimen was thoroughly washed
with water und dried prior to making measure-
ments,  Thickness measurements wei made using
n nerometer: n large number ol meusurements
being mnde nlong the specimen’s length and an
arithmetic avetage compuied.  The averages of
two wetght mensurements, which were made on
un unalytical balance, and of four or more con-
ductnnee measurenients v Al measure
ment. were made at appreximately 253°

As shown theoretically in Appendix I, Section ?,
n plot of conducinnce versus weight loss should
be n straight line when plotted on rectar rulur co-
ordinates. As shown in Figure 11, whexn the ex-
perimental date from Test M-5 was pletted, ex-
cellent correlation found. The varintion of
the data from the duted regression line was
veey sinall; the ca.  .ted correlution coeflicient
being C.99.

RIS
RISV N




WO T (GRAMII ¢ O 1374 — | 0:678) CONDUCIANSE iniicR)
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ClANGE 1N SONOUCTANCE VEASUS CHAMGE LM WEIGAT FOR AN
ARTIFICIALLY CORMOCED MAGNES.UM MIBBION SPTCIMEN

Froeae 11,

A pivt of resistance change versus weight loss
was a curve which approximated a straight line
up to a 22 percent change in resistance.  Beyond
that point deviations of resistance chunge versus
weight loss from a straight line were appreciable
and continuously increasing. The percent change
in resistance was equal teo the percent chunge in
thickness up to a 50 to 40 percent change in resist-
ance. Beyond this point, the percent change in
width was apprecinble. inereasingly so as corrosion
continued.  When an 80 percent change in resist-
ance had occurred, the nverage measured specimen
thickness hud changed approximately 66 percent.
Visunl observation showed that the specimen’s
width had decrensed appreciably and this would
account for the difference of 14 percent

A mensure of corrosion which is unaffected by
specimen size is the use of pervent weight loss.  In
many corrosion tests, pereent weight loss has been
correluted with tensile strength, change in clongu-
tion, and other mechnunical tests. In Figure 12,18
shown a graph of percent change in resistance
(equnl to *he percent change i cotductanee)
versus pereent change in weight for “est M3
A caleulated straight line with « correlution coetfi-
cient of 0.987 and the » juaticn of the line relating
the two functions ar: showe  The constants
relating the percent change in weight ure the re-
sistivity coefficient und the density of (he netnl.
Al this one temperature and far similar specinens
of this sume metal, magnesium, this rlationship
should nut change.  Thux it should be possible to
deterniine pereent charge in weight frou, the per-
cent connge in resistance whenever sinalar tmag-
nesiu specimens are experitentaily corroded at
this temperature. Since magnesium nnd magne-
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= %
)
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Fiuvme 12,

stum alloys tend to pit in a corrosive environment
rather than uniformly eteh, the need for a uniform
etchant was recogmized.  From previous expen-
cnee, it was felt that dilute salt solutions iaight
sutisfactorily eteh pure magnesium.

Tests M -6 and M -7 were made to determine the
amount. mte, atdd type of corrosion of a salt solu-
tion en pure magaesium ribbon specimens.  Both
tests, run simultaneously, were made by totally
unmersing the specimens in J.1 NKCH at 30° O
Sinee salt solutions of this strength are good elec-
trical conductors, the electrienl measurements
were mnde in benzene, compensation being made
for the nmou: * of tine the specimens were not in
the corroding iedia. A graph of change n con
ductanee versus time for the two tests is shown
in fagure 134,

Microscopic examination of ench speciten afte
the test showed litde pitting; reasonably unifor
corrusion of the specimens v pparent. Vari-
tion of the experiniental dat. e the caleulnted
regression line was sndl; the elution coeflicient
wans greater than 0.05 Statisticaliv, both tests
could be represented by one regression line with
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high probability. The small difference hetween
the ealculated intercept vulues (“a”) was due v
the reproducibility in preparing the specimens
dimensionally.

Both specimens were weighed before anid after
the test as described previously. The percent
change in weight for tests M-6 and M 7 respec-
tively were 121 and 103 pervent.  Using the pervent
change in weight to ealeulute an expected per-
cent change in conductance according to the enlen-
lated equation from Figure 12, values of 17.7 amdl
15.. perce it were obtained.  The actual values of
percent change in conductance were 19.1 and 17.1
percent, respectively, which are in good agreement.
A likely source of error is the fact that in these
tests the specimens had to be cleaned in hot
chromiv acid solution prior to final weighing.  This
was not a fector in test M4 when the couation
above was determined since ctching with acetic
nitrate solution leaves no corrosion products.

The aversge corrosion rate can be calculated
using the equations derived in Appendix [, Section
1. For pure inagnesium ribbon specimens totaliv
immersed in approxituately 0.1 NKC1 at 507 (,
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the average corrosion rate was 0.947 inches per
year. Though no similar tests could be found in
the literature with which to compnre results, this
vilue sppears ressonable.

APPENDIX YI

Because of the mary advantages of the electrical
conductance method for determining corrosion
rates, it is planned to adopt these techniques to
other Air Force research problems. Tl ough the
method could be adopted for use in many pro-
grams, it will be used at present with only three.
These programs ere: development of suitable
inhibitors for red fuming nitric acid, development
and comparison of new surface tre_iments for
magnesium slloys, and determining the effect of
humidity on corrosion rate. In order to use these
new techniques to advantage, close coordination
with the project engineers of the aforementioried
programs has been initiated. Working jomntly
with each p-.ject engineer, test programs have
been devised, most equipment obtained, and work
schejuled. Each program will be discussed more
fully in the following three sections.

Further work will also be done to investigute the
use of different types of specimens (ribbon, wire.
and deposited tilms) in different corrosive environ-
ments.  The cffect of temperature. concentration,
niel  flowing  versus nonflowing solutions on
vorrosion will by investigated.

Section 1.

Becuuse of the increased use oi red-luming
mitvie acid in aircraft propulsion equipment, there
is great need in the Air Foree for a corrosion
resistant nonscaling meta' to contain this media
under a range of conditions. At present, there
are several subtasks which have been initiated to
solve the corrosion problems which occur when
fuming nitric acid is used. Programs have been
tiitinted to develop both suitable inhibitors to
reduce the corrosiveness of fuming nitric acid and
matenials 10 resisi either uninhibited or inkibited
acid.

The electrical conductance method is well
suited to clasaifying the relative corrosivities of
different inhibitors in ni*ric acid and the relstive
COITORION Fesistance tTerent metals to these
inhibited acid solut Because temperature
Rppears 1o greatiy o... U the rate snd types of
corrosion, tes:s must be made at several different




temperature levels. Metal specimens will be
place-t in both the vapor and liquid regions,
thereby obtaining vapor and liquid corrosion
rates simultaneously. By threading the electrical
leads through Kel F sleeves running outside the
Kel F lined pressure vessel, coatinuous recording
equipinent can measure the chaiige in electrical
conductance of the :_.ecimen while corrosion
occurs. Figure 14 shows the experimental design
of the first series of planned tests It tests the
effect of five inhibitors in 84 percent fuming
nitric acid on 3 types of metals 15 both liquid and
vapor at two different temperatures. After the
data ebtained from these tests have been carefully
analyzed, other similar tests will be made.
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Duriag the lust decade, the use of magnesium
and its allovs in A Foree equiptuent has increased
manvfold.  However, nmzgnesium ailovs corrode
in many  environments.  Maximum  protection
from corrosion mny be obtained through the use
of chemical treutments followed by puinting.
The need exists for o surfuce chemical treatinent
which will protect magnsinm fron corrosion by
forming an wdhering film, w hich will also be n pousd
paint base. The Jectrical conductunce nethod
18 well suited for classifving the proteetion of-
forded by different surfuce treatments an different
types of magnesunt alloy.

The axperimental design of the first sct of tests
is shown in Fyrre 13 Sin types of trestinents
will be spphied to duplicate specimens from ench
of three types of magnesium alloy.  Eacl. speci-
men will then be totally tnmersed in # standand
st salution (005 NKCD) wt 237 ¢ From pre-
vious ests, this corruan e environinent appears to
umorinly currode pure mimgnesium without ex-
cossive pitting at a ressotunble mte. Messure

roed 10 cumpare 1be SerTer @b pretetiiem affcriat by swrface
iffer 1t mgmenien sllove. el surfade tre-txerts will “e
teatsd by ' teliy lumsrelng ‘s 0.05 NENLISAC, \be satire decyeiie of Veols

te te r aiwice -ud tepilamtet.

Fiorre 15,

ments will be made at regular intervals and the
data statistically analvzed to determine if there
ure real ditferences between metals and between
treatiments.

As new trentments snd ulloys ure devised these
will be compared with alder ones in the same man-
ner. [t is possible that this method of determin-
ing corrvsion rtes cun be standardized aud used
us the busis for un Air Force specification in
qualification testing.

Section 3.

It is well known that in the ubsence of othier
corrosive agenis, sieel will not corrode in a dry
atmosphere. It is ulso true that in the presence
of moisture steel will readily corrode. ‘The rela-
tionship between rutc of corrosion of steel and
percent hunmidity is not clearly known. Because
the electrical conductance method can accurately
measure very small changes in electrical conduc-
tance and therefore low r‘es of corrosion, it
couid nccurately deternmine this relationship.

Two types of mild steel, 245T3 unclad alumi-
num, and FS -1 magnesium specitvens will be ex-
poseld to relative humidities ranging from zero te
one hundred percent in 10 percent steps. A ren-
stunt known humidity cen he effected by using
different aqueous solutions of sulf- ric ackd.  Dif-
ferent nend solutions will be pluced n the bottom
of lunge mouthed one gaullon pluss jars. The
specimens will hang in the vapor apace of the jar
with the leads passing through porcelain sleeves
inserted i the hd.  The jar hd can then be seled
to prevent evaporation wnd measurements made
at recrular intervals by simpiv conne ting electrical
lends to the specimen Jeads which are outside the
jar. The jurs will be kept al a constant tempers-
ture of 25° (' though measurements could as
easily be made at other tempernt: res.

From experiments of this kit Jformation can
Le obtnined as to packaging o« jons needed to
prevent corrasion. [t might L. ,osible 1o insert
PONRKILY 2 suciel BP&itiine 0 Prckager and by
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suitable measurements to determive if the envi-
ronment within becomes corrosive.
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The Prep'lrati()n and Properties of Some

Fluorine-Containing 1, 2-Epoxides

. A RALSCH
. MWL LOVEILACE

\esriner The interest in fluorine-containing  polvethers  for

pessible application  as thermally stable  clastomors prompied

research on the preparation of new epoaxide monomers.

Nix o new  epovides were prepared and  chavacterized.  The

utilization of these ronomers in new polviner svstem- is being

tneestigated,

LINTRODUCTION

The researe’ deseribed fiore was undertuhen to
prove et general procedure for the preparation
of fluerinated epsxides and 1o prepare o type of
eposide hithertofore unreported for evaluation as
a monomer in the svnthesis of new evpetimental
clastoners and base stack thaids,

ILOSUMMARY AND CONCLLESIONS

The general procedure as outlined peeviously
for the preparation of epovides appeais to be a
general methed for the prepaemtion of epoxides
substituted i the 1= and 1 25positiims. The
preparation of the alkal pertluoranlhad hetanes
wsing the lithivnm sadt of the perfluorocarhosylic
acid nppears to offer cortain wdvantages.

No duta were avnilable at the time this repon
was written as 1 the polvmerization charaeter-
=tics ol the substituted eposides.

tHL DISCUSSION

Urail this vesearch was undertaken no fluorine-
contmrmg eporides hud been preparcd wiieh were
substituted with alkyl and perfluormlkyl eroups

in the one and twe positions. MeBee and Burtan
th prepared  trifluoropropylene oxide and  tri-
fhuoreisobutylene  oxide by reduction of  the
corresponding ulphabrowoketones followed by
vpoxidation  with  agueous  sodium hydroxide,
This procedare had never been applicd to the
synthesis of the aforcmentioned 124 disubstituted
epoxides sinee the procedure for the preparation
of the starting Ketones was rather lengthy.
Recently, however, it has been reported by
MeGeath (23 and co-workers that the desired
Ketones con be prepared by the adsdition ot the
pesfluorocarboavlie weid 1o an exeess of the alkyl
Grignard reagent.

I the vonrse of this investigation. it wa-
discovered that an altvinate procedure could e
ctuploved for the preparation of the Ketones,
Thix procedore ntilized e lithmn salt of (e
perlfuorocarboxyie acnd and the alkal Grignaed
reagent using the reverse addition teehinigae
This madifiel procedure offers several ads antage.
over the one i which the perflisrocar: e acie
ili_\. lian

i ciploved  These advantaas

alkyl Grignard reagent is required e aepelin the
hadrobvsas o the teaction e s ~ti el

Secondl | greater sennminy s the ntilization of th ¢

l,:
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acd s been found. “Finnlly, no fluorine-con- subsequently: shown to be the alpha isomer be

taining aleohols were isolated which result from  conversion 1o the L.2-epoxides,

the reduction of the ketone by the exeess Grignngd The reduction of the brosmoke ones rewetion |y

rewgent  The unreacted st s recovered s the was effeeted with an ether siurey of lithin

cther complen (30 which enn b regenernted v aluminium hydride,  Some reduetive elisination

treatiment with dilute sepd oceurred as evideneed by the prosence of browide
The tollowing will sumnrize the reactions ion in the reaction mixture.

The bromoaleohiols were then added  lropwise
to hot 50 percent aqueons sodinn hydrozide solu-
tion reaction V. The epoxide steam  distillel

emploved i th e weparation and proof of strueture
of the ”llul‘ilu‘-t'ulll:lillill;_' vpn\'illl'.\ ‘

LR Ttetetdy Y from the reaction mixture, Treatmeat of  the
A L LR L LA 1 vposides with 6N salfuric actd gave the corre-
CF OO i Il s, R RRITIIERIT m o sponding vieinal diols as shown in reaction VI
N R LTI IFERER LIIE s CHONCHERC A positive pertodie acid test (45 was obtained with
. vach glyeol.
b HOMCHRIC H - Nl e Ve CHCH, v Using the procedure deseribed  the following
epoxides were prepared:
i
CRUN L S s O CHOHETIORE L V) “ “ o
" -
CROCH =CHOHL CFOI - CHEML € RO -0 Cllyes
Reactions Fand o represent the procedures used " " "
in preparing the starting ketones. The bromina- COCTE eI N O CoF -t H et N
! L - LS S - LSRR ] T B

tion reaetion HI was carried out in concentrated
sulfurie acid.  In the ease of cach ketone o sivgle
wonobromo-derivative was obtained which  wax  9ew cosiipounds are given in Table |,

The physieal properties, analysis and viehls of the

Tasrk 1. - Physical properties of neie caiiipunniia

Anulysis *

l'--r-"wu ———— Pereent
Yivid, carbon Percent fluorine
Compoind per- B mm °C th i he ARty hyvdrogen

cent ————— e —

Cule Fa Cale “ d © Cale Fd
; - i :
e e . —

¢, F:COCHBrCH, 60 H7/85 'LB401 U L GRG0 L 250 2362 2374 L3S 138 4360 4560
CFCOCHISrC, 1, 72 F2A 1RG0 L6270 L2300 2635 2637 0 L8 L6 4169 4176
CFCOCBR LY, 6t G2 /6L L3628 T L6316 2635 2606 LA 203 4160 L83
CF,COCHBeCHE, N2 whieAs L3805 1640 125 2341 2340 1L ed 204 2.8 2T 8w
CFCOCHBeCM, K GIAZE L3005 L5325 2742 2547 273 286 203 . 25 8%
CECOCBRCHY), R ATA/I85 L3920 ) LAT L3I 2742 241 273 280 2603 2600
CFCHOICIBeCT, . 56 KoL LATON T L7480 L1645 37 L85 201 4332 4333
GECHOINCHBRC T, 65 75 0-75 832 L5700 1674 L1426 16 2016 2.0 230 40L45 4152
CFCHOINCBeeCHEY, - 54 . 4 LBTOR ;L SGY D LT - 26060 2550 2 l" 245 -ll 43 4156
CERCIOMCHBCH, . 785 63 TL4080 0 paer D LS e gl Teo o Teo o 25 512
CROTOICHRCH, 30 0p 0-00 500600 4148 T 1607 1 en 1 25,17 25,15 465 K75 251 25 &0
CECILOICBrCliy, 42 G5 AT L4150 581 L1R.2E 1T 3raw %63 Aed 23w 43 e
— '
CFCHCROCH,) " WA HTAR LA00L L4 1260 3186 N8 2 223 K81 383
D, M TG4 L2180 LA58 LU0 3500 0500 e 302 5540 A 42
ZCHCOCT, CRY O IG-100T47 LBIAT D LAS T L2 3A 00 3ned 202 el 3542 33
. i B : ' i : ’
CF,CHOHOCH Yy pMe AR BeBU TAT L BIGT L LT LR 3 RLURTUIS U [ IR SULPRRE O U] B R R A W 2
erdncnlaen, C Ry THH-TUTAR L0 L L 4280 A2 80 A 00 487 0T Ja st
eI, CRE O TRTLOTIT L 1 12 1200 4280 43,03 A 00 303 407y 06y
CFCTHO CHTON) ; : ﬁ | '
(M, ‘ : v ", “ L LR L R SL3Y S260
: ; ¥ i 4

i
L hm s e e e o ——as . e hkm v l ——— . o i s 48 o — e ———————— . So——

¢ Annlyaes wore carricd mn hy the Schwarakop! \llrttmm\l\llrnl Laboratory, \\'mlukle. NJ.
+ Unenreected melting point,
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V. EXPERTMENTAL

A. Prepuration of Alkyl Perlluoronlkyl Ketones

1. From perfluorocarboxylie acids
cedure-

The ketones were prepared by the general pro-
cedure deseribed by N Grath et ul. (2) To three
moles of alkyl Grignard reagent in one liter of
cther esoled in an ice bath was added dropwise
with stirring one mole of perfluornenrboxylic
aeind in an equul volume of ether.  After stirring
overnight, the reaction mixture was hydrolyzed
by pouring into ice-concentrated  hydrochloric
acid. The ether Inyer was separated and the water
laver extrneted with thiee-100 ml portions of
ether. The combined ether lnyers were dried over
Drierite andl distilled to remove the ether; the
residual liquid was then dried over phosphorus
pentoxide and fractionally  distilled at wtmos.
pherie pressure through an efficient colunmn.

2. From the salt of perflunrocurboxylic acid

The lithium salt of perfluorobuty.ic neid was
prepared by slowly adding one mole of the acid to
onc-hulfl mole of lithium earbonate i 20 cc of
water.  The salt was then dried thoroughly in a
vacuum oven at 80 100° (',

One mole of lithium perfluorabutyrate was is-
solved in one liter of Jry ethe: and covixi i an ice
bath.  To this vigoroudy stirred solution wax
sdded dropwise 110 moles of ethyl magnesium
brot:ide in 400 . ether over u period of two hours.
The reaction nixture was stireed for an addi-
tional two hours al room temperature, then
cooled in an ice barh, amd Bnally hydrolveed by
the dropwise addition of 200 ec of 20 percent
sulfuric acid. The ether layer was scparated and
the water layer extracted with three 100 i
portions of cther. The combined cthee laxers
were dried! over Drierite and the ether retmoved
by distitlation.  The remsdual hiquanl was dned
with phospl.orus and sectified to gave 103 g (4
pereent viedkd) of cthyl heptafuoropropyd ketone
bp 52 K3° nZ 12000 and 70 g of 20,FL0OH
ACH)OR p 129 C
N o-Bromoalkil perfluaroslkal ketones  proeral

procedurce

Te 400 ml of concentirated sulfunc aenl was

added rapudly 0.3 mole of the alkil perfluccoalky i
ketor.e  Then 0 25 ninle of hrooune v s added to

the vigorousdy stirred suspensan-, at uwh a rate

general pro-

that the bromine conecentration was Kept low
(severn! hours to one day may be required for the
nddition depending on the ketone being bromi-
nated). After addition, the stirring was continued
for two additional hours und the crusle product
was removed from the sulfuric acid by distilia-
tion under reduced pressure. The crude bro-
minated ketone was then fractionally distilled at
reduced pressure.

('. Reduction of a-bn..aoketones- general pro-
cedure

Lithium aluminum hyidride (10 percent excess)
was stirred  with ey ether overnight to give a
slurry of the hydride.  The hydride sturey was thon
cooled in an iee bath and the a-bromoketone in »1
equal volune of ether waus added dropwise at such
a rate that no reflux took place. After four addi-
tional hours of stirring at room temperature, the
flask was coold in wn ice bath und the excess
hydride was destroved by the addition of u small
ammount of ethanol “llowed by hydrolysis with
20 percent sulfuric aeid.  The ether luver was
separated. the water laver extracted with ether,
and the coimbined ether luvers were dried with
Drierite.  The ether was removad by distillation
aind the residual liquid was fractionated at reduced
pressure to viehl the a-bromo aleohols.

. 1.2-cpoxides—-general procelure -

The e-bromo aicohol wax added dropwise to
vigorously stirred 50 percent sodium hydroxide
solution (10 molar excess) at 100° . The epoxide
rapidly steais distilled out of the reaction mixture
and was then separated from the water Inver,
dried ove: Drierite, and fractionally distilled at
atmaosnlieric presure.

E Hydrolvas of |, 2-cporudes

Two pgrams of 1.1,1,2.2.13-heptafivorod,3-
epoavhicptane was heated i a sealed tube with
6 ml of 20 pereent sulfunic aci-l at 103° O for mxty
hours. U'pon cooling & white solad crvstabhia~d
out which was recrystallized from benzene to vicki
1.1.1.2.2.3.3-heptafiuorn-e, 5 heptancdiol, mp. 38°
C. The diol gave a pomtive peeiodic test (4.

Nmilar treatinens of 1.1,1.2.2.3 3-heptafivo.o-
4 S-cposrhexane and 1.1,1.2.2X Lheptafluem 5.
methol-4 S-cpoxrhexane gave ol whih were 1ae
corresponding plveols, cach of wh:  ave a poa.
tive penadic acwd test
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Derivatives of Ferrocene

M. RAUSCH. ML VOGEL. and H. ROSENBERG

Part 1.  The Metalation of Ferrocene

\BstRvcr The metalation of ferrocene by means of n-butyl-
lithium and mercuric acetate has been further investigated.  The
lithiation reaction has been extended for the preparation of tri-
methvlsilviferrocene and 1.1’ -di(trimethvlsilylferrocene.  In the
mercuration reaction, the ratio of starting materials has been
varied in order 10 obtain optimum vields of either chloromercuri-
Jerrocene or L1 <dichloromercuriferrocens.  Chloromercuriferro-
cene has been converted to diferrocenyimercury by means of dispersed

sodium. sodium stannite, and sodium iodide 1n ethanol.

Sinee the discovery of Torrocene 'V in 1951, over
one hundred teehnieal publications huve appeared
in the lterature concerning  exelopentudienyl-
wetalcompoundst  [n this and subsequent papers
we wish to report some new derivatives of ferro-
cene, nx well as discuss the various synthetie
methods by which substituted ferroceries enn e
made.

One method for the preparstion o ferrocene
derivatives is by metaluted intermedintes.  Ben-
keser, Goggin, and Seliroll* amd Nesmevanov
el el * havesithinted ferrocene uxing s-butylithimm
to produee nnixtuse of mono- nnd dilithioferrocene.
These metalated intermedintes have been con.
verted to carboxy.* triphenyisilyl? and wmine’
doerivatives.  Nesmevanov of ol have ulso mercu
rated ferrocene © and have converted the mereu-
rated intermedintes to bromo and todo derivatives®

The present investigation was andetaken to
determine the uselnbiess of these two renctions as
practical methods for the preparation of nono-
and disubstituted derivatives of ferroeene; part of
our reaults are discussed herein. Litial expeni
mronts wore lireeted towant improving the viehls
of mono- ami diiithioferrocene, thesee metalnted
derivatives being characterized by carbonstion to

the mixed wono- and diearboaxyferrocenes.  In
nuwmerous experiments in which experimental con-
ditions were varied, however, the total vield of
mwixed acids could not be inereased to more than
shout 30€ . These vields are consistent with the
vields of ferrocene acids reported by the other
investiators.

Benkeset ef ol huve also reported that the mix-
ture of mono- und dilithioferrocene obtained from
the reaction of ferrocene and r butyllithium in
cther reners with triphenylehlorosilane 10 produce
triphenylsilylferrocene and 11" didriphenylsilyD-
ferrovcene. These two compounds were obtained
i vields of 2700 and 79, respectively, or o total
vield of 34

We have found that this reaction ean also be
applicd to the senthesis of trinlkylsilvlferrocenes,
wiad wixh to report hiere the synthesis of trimethyl.
silvlerrocene (* amd 11 dictriimethylsilyDlern.-
cene 1. Both 1 and 1 weee isolated ns mobile,
distiliable, orange-red liquads,  possessing i i
wlors. Bath appeared to be completely st n
fight and o nis, i contrast to several fow e
cilar weight alkad derivetives of ferroee 207
The vields of | md T1 obtained were somewhat
higher thun the vickis of carbaxy- and triphenyl-




<‘ . ]&(C"o'o <1:>.\/— SiCH,,
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-
/\ > SeCH.,

silclferrocenc s obtained by this method 118 0len
intersstinne te note that more disabstitute | produet
was obtained than monesubstitnted product, o
contraet to the nbove resylts

The infrared speeten of 1 and 1 were very
similar, the only notable differen -« being strong
absorption bands at 9 .00 and 9495 i the spectrum
of I Both bands were totally absent i the spec-
trum of 11 These result< are in wowd wecord wath
the data of Rosenblutn ' and of Pauzon:
Lave found that the bands at 9 a0 and 995 L are
present in both ferrveene itself nnd o derivatives
in which only one evelopentudicnyl nng i+ sub-
stituted, but wre absent in dertvatives i which
both rings are substituted  AVmouz the absorption
bands in both spestra were sfrung bands at N0,
1132 4. and strong absorption from 16 to 12§,
These three rovions of absorption niay be nssignied
to CHy  Sictiviching wnd rerling yibrations

The mercuration of ferrocene in either ether.
wlrohol or henzene-wlechal fins heen reported by
Nesmexunov of al 10 proxduce s mvture of both
chlotomercunierrocene ity and 11 <dichloromer-
curiferrocene (1V) ¢\ «tudy of this reaction indi-
entes that the refatine proportione of HI and 1V

e o™
Pe Pe
O O
m v
produced ran be convenientiv controfled Ly vary.
ing the vatio of the stariu woaterinle Table

sutinanzes thew results
The mercuration of feorecrne to form 1T avd 1A

w lm

can hkewise be carmimi oct in ctacial acelie send
This reavtion tequites o neess are vesad or el
tional high boiling solvent as does the well-kown
mercuration of heazene !’
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Hens, however, some oXrbaon of ferrocene 1o the
fernicimium 1o Fet® 1
combined vield of T and TV was o

ocenrred. and the
The use
of ether-methinnol ne the solvent offers many ad-
vantages. nvoiding ovidation of fercocene and pro-
dneing an excellent combined vield of TH and TV
The faeile fortintion and separetion of these mer-
curated dertvatives sugeest then as useful inter-
medintes i the preparation of adiitional ferrocene
compounds ¢ which either one or both eyelo-
pentadienyt rings are subetituted  Furtiver studies
alons these hines are currentdy in pencress i thas
Inhoratory

The direct reaction of orezet omercury compounds
with active hnlogen conpounids sneh as wlkyl hal-
wles. nent halides, ofe | hins heen reported in only a
fewn nstanees to vield the desieed dertvatives
these compnunds bang among the least reactive
organotetalhics knowvn ©° % Attempls to react
11 with weety] chlaride and tnmethyichlorostdane
 taluene soluting were likewise not suceesful and
considershls  avdation occurred.  1n
<tutices_insoluble blue <olids separated which were
ideutified as ferricinium <alts by means of their
salubility characteristics, reactions. and ultra-
vialet spectra

1n an attempt to frens-metalate HI vang dis-
persed sadium, several unexpected results weee ob-
tuned  When 111 was reacted with a 10-malar
excess of dupersed sadivm (30 10 #-nonane:
Jiluted with henzene and the reaction misture
hadruly el at room temperature. quantitative
vields of ferrocene were ohtained  In a similar
expreiment an which the reaction minture was
it earbionated with o dry iee-cther i ture aml
then hadralvzed, o 705 vield of diferiocenti-
ereury (V1 was wolated. This psult 1 not en.
urelv anomalons, since both «odin. v T
atmlgain hiave been reported 1o cort com-
pounds of the tipe RHeX 10t vimetneal
B Hp demvannes ™ T wac cubeequentiy foand

aoth n-




that contact of the res-tion mixture with dry see-
ether was not necessary to obtmn V', direct
hydrol-sis at the low temperutures afforded by
this refrigerant produced comparable results.  No
carboxyferrocene was isoluted from  these re-
actions, indicating that probably frans-metalation
did not uvccur.

In o manner analogous to other compounds of
the tvpe RHgX. "™ TH reacted readilv with
solution ¢of sodium stannite to produce V in good
vield. 11l also rencted rapidly with sodium jodide
in ethanol. another rengent which is frequently
uzed to convert RHgX compounds te R Hg com-
pounds.’™  In this reaction, two stable forms of V
with different melting points were isolated.

Attempts to metalate ferrocene directly using
cither lithium metul in n-butyl ether or digpersed
sandiuny in teteshyidrofiaean were unsuccessful.  In
the latter reaction conziderable destruction of
feerncene occurred. and small wmounts of ferre
axide were olated.

EXPERIMENTAL M

Litkiation of fecrocene snd aubsegurnl carbonation  In
general, the procedure fullowed was similar to that de
weribed by Renkeser, Goggin, and Sehroll * - For example,
in a tapieal experiment in which 0123 mnle ot abutyi.
hithium in 178 mb of anhyvdrous cthyl ether was reacted
vth 17 7 ¢ (0083 mole) of ferroeene i 200 ml of ether,
110 ¢ of fereocvne and 50 g of the coude aeid wens obe
taned  The neutralisation equinalent of the erde acid,
determined putertiam trieally in aqueons rthatol solution,
was 196, indicating a mivture of about 3 parts earbosy.
feerocene te | opart dicarbaxyfertocene, assuning these
are the only twa acids presont

Primetphily Hecracene (U and 11 -Ar(trimethulsilyl ferro.
ceme (11 . A suspension of 139 3 g (0.75 mole) of frrrocene
i 1200 ml of anhvedrons ethyl ether tdeied and distilled
over sodiumi was placed i a S-liter, J-necked Aask, ftted
with a stireer, reflux condenser, additton funnel, Ll niteo.
aenonlet  Uhver a l-he perid was added T qul of o
1 8%-molar wlution of a-butylhthinm in anhydrous ether
Fallowig the addition, all the ferrocene appeared to e
dissolved  The teaction manture was thea stiesed under o
titrogen atmosphere for 44 hr at roum tempeeratare, during
which ume an orange precipitate spagated frum the cther
With stirring, 1630 {1 30 mo ~<: of trimethyl.

solutiun

chlorosilane was added over a porind of aheut § hr, i
order to maintain gentle reflux.  Tne reaction mixture wa-
then refluxed for 13 hr., hydrolyzed with ice, and the aque-
ous and ether phases separated. The aquecus layer was
exteacted once with ether and the combined ether phase
washed repeatedly with water to neutrality and dried over
Diriesite.

The ether was evaporated leaving 1 dark orange-red
liquid and precipitated ferrocene.  This mixture was chilled
in a dry ice-acelone bath in order to freeze out as mucl
feerocene as pussible, filtered, and the ferrocene washed
with a little ether,  After drying the ferrocens weighed
330w, mp 173 174° The filtrate was placed in a 500-
ml. sk fitted with a 12 inch Vigreux column and warmed
under w pressupe of 0.1 to 0.2 mm. of mercury. After
abount 1 hr additional unreacted ferrocene had sublimed
omte the column, - Atmospheric pressitre was then restored
and the column was removed, rinsed with acetone, dried,
and replaced. This proce.lae was repeated several times
nntil all the ferrocene appeared to have sublimed, and only
refhusing liquid was observed  From the acetone washings
an additional 6.3 & of ferrocene was isolated, for a total
recovery of 41.6 g

The remaining ligeid was feactionally distilled using
packed column and adistiliation head equipped for total
reflux. After imtial separ *ion into low and high bailing
fractions, both fractions weee redistilled through a 12-inch
Vigrenx column equipied with o straight take-off head.

Following redistillation, 36.9 g (196, viekd) of [ was
obtained o~ o dark orange-rea mobile liquid possessing a
mild eedar-like odor, bp. G4 65° (uncorr at 0.045 mm.
of mercars, mop. 23°, i 15606,

Lnal. Caled for CplSiFe: C, 6047 H, 703 Fe,
2163, S, WOSS. Found: (0, 60.3%, 60.69. H, 7.7, 7.17;
Fe, 2E930 2069 Ni, 10.64, 1059

The higher boiling fraction produced 66.3 8. (2745 vield:
of 11, bip. ST SS® uncorr) xt 0.000 to 0.070 mam. of mer-
enry, mop 6% ap 1 5434 11 was similar in appearance
to I, although its odor wax very faint.

tnal  Caled. for C,H.,8iFe: C, 38.16: H, 793 Fe,
16,90, S 1790 Found: €, 5530, 58.13: H, 707, 7.8
Fe, 16,063, 16.60; Si, 1680, 1652

Chlaromercnriferrocene (1D and 1 1'-dyicklaromercurs).
Tereoeene (1N (0 Methanol-ethy ether as the solvent. In
general, modificatians of the proeedure described by Nes-
mevanoy of ol ¢ wers wsed, by varving the ratio of the re-
actarts as illusteated in Table L {1 wax obtained in the
form of gelden-yellow leafiets, mop. 193 194°, with decomp
e mon 1% IV wasisolated as a vellow powdery
salid w hich did not melt at temperatiizes up 10 300°.  When
heated at clevated teiaperatures over a period of time, how
myer, slon decom;  <ition was observed with ferrocene sub-
liming on the tube

(8 Glacial aecetre acrd us the solrent.  \ solution of I8 6 .
1110 mole) of ferrocene in 400 mi. of glacial acetic acid wa
heated to reflux, and a solution of 159 g (0.08 mole) o
mercurie acetate in 100 ml. of hot glacial acetic acid was
addded with stirring over a period of 1.25 hr.  Followin,
Jhe nddition the reaction mixture was rettuxed for &7
and then stirred for 16 heo at roon temperature.
nltering from a small amount of metallic mercury n
had separated (04 g}, the fil'rate was mixed with a sow-
tion of 4 1+ (0033 male) of potassium chloride in 100 ml.
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of a t:1 mixture of ethanol and water. A brown solid sepa-
rated (AY, which was washed with benzene (o remove
ferrocene: after drving the <ohid weighed 9.5 g

The blue acidie filtrate was diluted with 500 ml. of waier
and a vellow solid separated, which after filtering, washing
with water, and reervstelizing from eveloh xane produced
a small amonnt of ferrocene. The filtrate was stirred with
80 g. of powdered <ine for abont 2 he. during which time the
blue color was di  harged.  Extraction with benzene and
removal of the solvent produced an additional 1.4 g, of
ferrocene. From AL Both HT and IV were obtained by
recrystallization from hot T-butanol.  The total amount of
I isolated was 5.9 g, mop. 192 1937, with deeomp., or o
vield of 14, The total amonnt of TV isolated was 2.2 ¢,
or a total vield of 14,

Attempted reaction of T weith trimethyleblorosilane. T
a warm solution of 2.1 . (0,005 mole) of 111 in 100 m). of
toluene (dried over sadinm? was wlded 3.4 g, (6.05 moley of
trimethylehlorosilane,  The reaction mixture was stieped
und=r a nitrogen atmosphere for 3 e at 70°. During this
period the =olution darkened and a blue solid separated.
The reaction mixture was diluted with 100wl of cold water
and filtered.  The light blue <olisd which was collected was
washed with water amid with toluene and dried, weighing
1.2 g, This solid was insoluble in common organie solvents,
only slightly soluble in water, and wes moderately <olnhle
in dilute hydrochlorie acid, forming n blue solution.  The
hlue color was readily discharged upon addition of an
excess of sodium hydroxide <olution.  The nltraviob:t
speetrum of a small sample in dilute hydrochlorie aeid was
similar to that reported for the ferricinium ion.*®  From the
toluene laver 0.7 g0 of ferrocene was recovernd.

A similar experiment was earried out using aecetyl chio-
ride in plaece of timethyichlorosilane.  In this reaction
also, a similar blue solid was isolated and ferrocene was
recovered.

Reactiom of 11T with dispereed sodium.
ferrocene.

1.0 Isolation of
In a Qnecked 280 mb flash was placed 29
(0.03 mole) of sodinm disperszion (40 i n-nonane}, and
the dispersion diluted with 50 ml. of benzene (dried over
sodium).  With stirring and under a nitrogen atmosphere,
2.1 g (0.0053 male) of U1 in 100 ml. of warm dried benzene
waz added over a period of 13 min., and the reaction mix-
ture stirred at 25” for 35 hr At the end of this period
33 ml. of 98 ethanol was caw iously added, followed by
50 ml. of water.  The hydrelyzed mixture was filtered with
sueion and washed thoroughly with hot water and with
beraene.  The residue which remained (0.82 g) appeared
to he a gray powder containing small globules of merenry
The filtrate was separated into lavers, the aqueous phase
extracted with benzene, the combined henzene portion
washed with water, and then the henzene solution dried
over anhydrous magnesium sulfate.  Filteation of the
dryving agent and evaporation of the solvent left (092 g
(00% vield) of ferroceny, mp. 171 -174° (uncorr.).

(R). holation of diferrocenylmereury (V). The apparatus
and quantities of reactants were the zame as vuilined in
(A).  After stirring at 25° for 3.5 hr., the reaction nuxture
was poured onto a mixture of dey ice and ether.  Alter
cautious hydrolyziz with 85% ethano and with water, the
mixture was vacuum-filtered.  The aqueons and henzene
phases were separated, and the bergend phase washed and
dried over anhydrous magnesiim sulfute. Removal of the
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solvent by evaporation left a yellow.orange solid. This«
solid rnd the initistly insoluble material were extraeted
with u small quantity of boiling xylene, filtered, and the
fiitrute Cooled to prodace 1.0 g (709, vield) of orange
erystals of V, m.p. 285 236°, with decomp. it mip.
285 234, Acidification of the basic aqueons phase pro-
dueed no trace of =olid acidic materia..

When the above reaction was earried out at 50° instesd
o 25°%, carbonation and hydrolysis produced scme V and
some light vellow powdery <olid which was inselible in hot
xylene and in dilute potassium hydeoxide solation, hat
which did react with hydrochlorie aeid to give a blue <ol
tion.  Acidification of the agueons layer produced a trace
of insoluble vellow material.

Reaction of T with sodiom stannite.  To a suspension of
2.0 . (0005 moles of TH in 20 ml. of 95% ethanol and 50
ml. of water was added a solution of sodium st: anite, pre-
viously prepared by mixing 5.0z of sodivm hydroxide in 25
ml. of water with 1.8 g. of stantions chloride dihydrate in 237
ml. of water.  The vellow-orange color was immediately
discharged and a grav-black solid separated.  After stirring
for 3 hir,, the muxture was vacuum filtered, the solid washed
well with water, dried, and dige<ted with a little boiling
xvlene.  The residue consisted of a dark gray solid con-
taining globuies of mereiry. Upon cooling the xylene
solution, 1.0 g. "I vield! of V separated s vellow-orange
crvstals, m.p. 230 -233° tuncorr.). Reerystaghi
syvlene ruised the melting point to 234 235°, with decomp.

Reaction of I with sodinm onlidde in ethano!. A mixture
of 600 mi. of 95 ethanoi, 10.53 . of sodium iodide, and 2.1
g. (0.005 molv) of 1T was refluxed for 2 he. After fltering
the hot mixture a vellow-orange solid separated, m.p
215-225° (uncore).  Two reervstallizations from xyvlene
produced 0.9 2. (6845 vield) of V, m.p. 235 2562, with
decomp.  Upon cooling and concentrating the ethanolic
filtrate there was obtained 0.3 g. (335 vield) of an orange
crvstalline solid, m.p. 43 2487 Reerystallization from
sviene produced a second form of V,omop, 248 289°, with
decomp.

Anal. Cated. for ClaFe i € 42,000 H, 3018; Fe,
19057 Hy, 35.16. Found: C, 42,01, 40199 1L 3.28, 3.15;
Foo 1946, 19,41 e, 35.10, 35.24.

In two additional experiments both forms of V' were
obtained in each ease.  The infrared <pectea of bot b forms
of V (ralls in Nujol) were enmpletely identieal.
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Part 2. Some Reduction Products of Benzoylferrocene and

LI'-Dibenzoylferrocene '

\ns1aet -The reduction of benzovl- and 1.1°-dibenzoviferrocene
to ben:zvl- and 1.1'dibenzvlferrocene has been accomplished by
cither catalvtic hvdrogenation or by reduction with sodium and

ethanol.

I-Hvdraxvhen sviferrocene has been prepared by the so-

dium borohydride reduction of ben zovlferrocene, while the reduction
of 1.1'dibenzovferrocene with lithium aluminum hvdride has
produced 1.1'-di(1-hvdraxvben:vl)ferrocene. The action of a num-
ber of other reducing agents on these arvl ferrocenyl ketones is

discussed.

In the Friedel-C'rafts reaction of ferrocene. hen-
zoy] chloride. and aluminum chloride, both hen-
zoylferrocene (1)*3 and 1,1'-dibenzoyiferrocence
(IT)*4* have been re-ported to be rorined. We have
further investigated this reaction and have found
that by varying the method of addition and the
molar rtio of the reactants, both I and I can be
prepared in yields more satisfactory than uny thus
far reported.

Although Csendes? has reported the preparation
of benzoyllerrocene oxime, our attempts to prepare
oximes, phenylhydrazones, and p-nitrophenylhy-
drazones by the usual methods were rot successful.
By resorting to more drastic conditions, however,
both benzoylferrocene oxime and 1.1’-dibenzoyl-
ferrocene dioxime were obtained.

The Clemineusen reduction has successfully been
applied te the preparation of cthyl-** n-propyl-*
n-butyl-.* and long chain alkylferrocenes’ from the
corresponding ketoues, as well as to the prepara-
tion of 1,1" dibenzylferrocene (I11)* from H. The
reduction of T ny the Clemmensen method pro-
ceeded nnomalousiy, however. Upon extensive re-
fluxing, a small vield ol the expected product.
benzylferrocene (IV), was obtained, although the
primary reduction product was an as vet unidenti-
fied higl melting orange-red solid (V). In several
experiments V was the only product isofuted from
the reaction,

v

The reaction of [ with the binary mixture, mag-
nesium-magnesiuin iodide, has been carried out in
this laboratory and elsewhere? to produce small
vields of a reduction product (VI) similar in ap-
pearance and properties to V. The ultraviolet and
visible spectrn of V and VI cre completely iden-
tical, while the infrared spectra are very nearly
identier .

[t was initially suspected that the reduction
products V anc¢ VI were the sym-pinacol, since the
magnesium-magnesium iodide mixture is com-
monly used for the preparation of pinacols from
wromatic ketones®** und the Clemmensen reduction
of aromatic ketones occnsionally produces pinacols
ruther than hydrocurdons.’®  Numeraus olemental
annlyses of both V and VI have indicated, howew
that only earbon, hydrogen, and iron ave preser
climinating the possibility of a pinacel ur oth..
oxygen-cor-taining compound. ‘The structures of

17




V and V1 are currently being investigated and
detailed information will be published later.

Attempts to reduce 11 using magnesium-mag-
nesium todide in ethyl cther-henzene solution
either at room temperature or at reflux resulted in
the formation of an insoliable complex, and after
hydrolysis only tarting ketone could be recovered.
Preliminary experiments indicate that reduction of
IT does occur when solvents capable of producing
higher temperatuares are used.

While T did react with magnesium-magnesium
iodide, it failed to undergo two other reactions
which are commonly used to reduce aromatic ke-
tones to bimolecular derivatives." "™ When [ was
stirred several days at 25° with powdered zine and
glacial acetie acid. only starting ketone was re-
covered. In an attempted photochemical redue-
tion of | in 2-propanol, nearly all the ketone was
recovered after 10 days exposure to sunlight, and
only a very small amount of insoluble matenial re-
sulted. This appesred to contain mostly iron
oxide together with u trace of curbonuceous ma-
terinl. It has since been observed in this lubora-
tory that cerinin derivatives of ferrocene in
hydroxylic solvents are subject to photochemiecal
decomiposition.  [n » control photochemical exper-
iment using benzophenone, n 97¢, viold of

benzopinacol was obtained.
Both I and 1 could be reduced to the corre-
sponding hydrocarbons 1V and Il hy either

catalytic hydrogenation or by “chemical™ hydro-
geuntion using sodium winl ethanol.  Although
both reactions proceeded smoothly, the latter was
more rapid arrd produced much better yvields.

It has been reported ® that the reaction of |
with aluminum isopropoxide in isopropanel pro-
duced l-propoxybenzylferrocenc. In a similar
experiment in which the reaction wus carried ont at
higher temperatures uming xyiene as the solvent,
we isolated u small yield of IV, In only one other
cnse has the reduction of a ketone by aluminum
isopropoxide been reported to yield » hydrocarhor:,
namely, the reduction of 9,9-dimethylanthrone-10
in xyiene solution to 9,9-dimethyl-10,10lihvdro-
anthracene.

The reduction of 1 with sodium borohydride in
aqueous methanolic solution proceeded umoothly
to produce the expected carbinel, 1-hydroxylienzyl-
ferrocene (VID 11 was likewise reduced readily
with hithium sluminum hydrid~ in ether-beazene
solution, and the tarry residue which resujted was
purified to yield 1,1°-di(-hydroxybenzyl)fernicene
(VIID).
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Benzoglferracene t1i. | was best prepared by tie drop-
wive addition of & sobthion of eguimiolar spinntities of
benzoyl ehiloride and sluminum chlovide 10 an cquimolar
quantity of ferrocene, using methylene chloride ax the
solvent.  After hydrolysis and product workue, 70 73/,
vields of dark red needles of 1 were obtained by secrystalli-
etion from methanol, m.po 1051 1083° {hie? 1115
112.0%) . Extensive refluxing following the addition usually
resufted in lower vields of | accompanied by inereased
amounts of tars,

1.1°- Dibenzoyiferrocene (112 \ madification of the pro-
erdure aleeady reported ¢ was adopted by adding the ferro-
cetr in methy lene chloride solution to slightly keeater than
two equivalent  cach of benzoxl chloride and aluminum
chloride in the sume solvent.  In this mapner, S 9170
vields ¢f 11 were obtained in the form of purnle needles,
m.p. 106.5-106.7° (lit.* 163 106°).

1.1~ Inbenzoylferracene diosime. A solution of 2.0 g of
I, 4.0 g. of hydroxylamine hydrochloride, and 1€.0 g of
potassium hyvdroxide in 100 ml. of 959 ethanol was rr-
fluxed for 4 hr.  The reaction mixture was poured into 400
mi. of water and acidided with dilute hydrochlotic acid. A
vellow solid weigking 1.5 g separated, m.p. 164 -1865°
tuncarr), with decomp.  After several reerystallizations
from metharol and watur, the dioxime was collected 1 the
form of golden-vellow crvstals mp. 172-1787, with dec

Anal. Caled. fer Cp ), FeNOp: €, 8794 H, 475 Fe,
13.16: N, 6,60, Found: (¢, 6512, 6%.07: 11, 4.6, 4.73: Fe,
VING, 12.80: \, 616, 6.4%.

Renzoylferracenc arime.  In n manner similar to the prep-
aration of the ioxime, benpoviferrocene otime was ob-
taitnd as golden-vellow crvstals, mp. 139.6-160.0° it
160°%)

Reduction of i by the Clemmensen method. A mixture uf
60 g. of 2inc dist, 4.5 g of mereurie chiaride, 3 ml. of con-
eentrated hydrochloric acid and 78 ml. of watet werv stirred
for 10 min. in & 1,000-mi, 3-nccked flask fitted with stirrer
and reflux condrnser.  The aqueous phase was removed by
a pipet and the amalgamated zine was covered with 30 m!
of wate,, 60 mi. uf concentrated hydrochloric acid and 100
ml. of toluene. The.v was thea adkied §7.4 2. (0.08 mole, of
1 and the mixture was stitred undee reflu for T2 e Dur.
ing this prriod, Sve 25-ml. portions .of concents ted hydro.
chlotie acid were added occansonslly in order o replenish
the roncentration of acid.  U'pon cool.ng to roon temprra-
ture an appreciable amount of yellav sclid ha seperated,
and the reaction mivture was flhiered and ¢ od with
hat taluene  The combined toluene portion « whodd ta
neutzality with water and dried aver ankir4ro agnesium
sullate.  The solid which remained after evage.. .jon of thr
olvent was extracted with 200 m!. of hot mreihancl, the




mathanol solution was eoncentrsted, and water was added
to the clond puint  Upon cooling, 3.7 g of bena esia-
cene (IV) separatesl. $V wae reerystallized from ethanol
and water and was isolated as vellow ersstals, mop. 73 74
i1 76

The methanol insoluble portion was reerystallized several
times from ether svlene acd heptace, eyelohexawe, or
n-heptane to prndiee 5.0 8 of an orang -ted solisd (Vy ¥
did not melt when a melti ¢ point deternunation was
made in the usual manner. but did <lowly decempos when
uented above 250°

Anal, Foumd C. 7025, 7838 B 535 5 03, Fr 108N,
1092

When the above reaction wias carfied ot using less
ketone and a shorter time of reaction, Vowas the only
reduction product isolated.

Reduction nf [ by the tinary mogtere, maynea:ym-mang
negtum podike To amintore of 17 g8 1OUT0 & atom of
powdered magnesium in 3 mb of cthylether amd S0 ml o/
dried bene ne was added 36 ¢ 22 mude ol exhine with
atirring.  After the first foew wedine ervstals had bevn addbsd
the reaction miviate was warmed to itiate the peartion,
which proceeded exothermiendly theseafter  After atmat
30 min. the reaction was complete and the mintune was
neatrly colotless  To this mintare was adhded 9.3 ¢ 2032
molet of Tin 30 m! of benzrhe. A Goep Viedet colar Barned
sumediately Gpaoh coatact of the ketone with the minture,
reminisernt of the color of the metal ketyhs svported by
Gomberg and Bachnann® and later wockers  After

<haking on n tuechanical shaker overnight. the reactnn
minture was hvdndvsed with 30 g of sev rontan ng 23 ml
of euneentrated hvarochienie sent The cther-brnzets
taver was washed with dilute sdium bicarbonate salutmn,

ddute sxhititg hstulte soltition, water, and dned overmght
vier Dipwetite The wadvrnt mas riapmrated ated the sodnd
reetcive was extracted with 120 :) of Mot nwethamdd | X

the tethasd o oo TAg of ctinde | was udaiosd, mp
tul 108" (uncoer !

The methano! teoluble matefial was  rectystathad
seve ral tinves ‘fum hot adweplane to preinee N7 ¢ of VI
V'l was obtained as e otanee-mnd ervetabs, which did oot
melt but sbowiy decompaed at clevatsd temmratures

dmel Found C. 7418 T428 )1 30 8323 Ko g0,
08

Culalphic hydragraghen of | Ina SO0-mi haidegeratson
hotthe were placed 870 ¢ (002 mole of 1, 10 g of 37,
patinum on chasroal, atsd 230 ml of sedistidied -butanct
The m wture was placed ci a Pare Avdrogenation s ppatates

~doe n pressure of 18 pei | after abost M hr 8 Vworct:eal
uptahe of bydrogen was noted  The eatalvot w: s fiitered
and the hutanol solution was concentrated almoet to 4.
reme  Sewvreal  reervstallizations W the  pevidue  from
c:hanad and wates produred 2 8 g (T rickd) of IV 0 the
form of yvilows Weflrts. mp 72 33°

Cotalyt hpdregeagiran «f |1 A minturc of 1] 4 g 022
mode) nf 13, 20 ¢ of 37 platinan: on charcoal and 230 mi
of redeidied Pbutanol was hadragenati 4 as  Sernbed
above under 3 prresure of 63 a1 After 17 he 2 thwanrtaa)
hydregen uptake e noted and the catalyst sas Mltered
Bemoval o1 thw sols ent and serreal s crmitalhimina e of the
resadur (-om hot methanol profecve: homg vellov. necdie
of 11l werghang B d g 64", vocddt m p 97 887 (L T IOYT

Reduction of | by sodinm and ethannl. A\ mixture of .50
k. (0.0052 moles of | and 30 ml. of ah.olute sthanol wa<
warmed to about GO Juring which time all ke ketone
dissolved,  With stirring, ahout 3 3. of smal) clean chunks
of sodiui metal was added at such a rate as to maintain
the reaction temperature between 60° and 70°. During
the addition the roaction mixtuee changed from a red color
charneteristic of the ketone 10 a thick yellow-omng: <olu-
tion.  Following addition of all of the sodium. 23 mi. of
additional rthanol was added and U solution was «tirred
at oo tempernture for an additional hour. Water was
then added until the solution became cloudy, and the solu-
tion was cooled  Mer Bltenng and deving, 130 g, (98€;
viell) of vellow beattets of IV was enlleeted, mop. 72-737.
tipe pecevstallization from ethanol and water raised the
melting point to 733 74.0°

Anat. Ualed. for ColFe: C 7393 H, 303 Fe, 2012
Foumd: C. 7807, 710 H st 608 Fe 2001, 2034

In another expriiment, a 957 vield of 1V wa< obtgined
by Phis peocredun

Reduction of 1] by sodium an-d cthanel. 1t 2 manner simi-
ar to that escntuad for the neduetion of 1 about 7.5 g. of
soefinm was added to 3 solution of 200 g 10 003] mole)
of Hin 73 ml of almalute cthanol at 60 70 Pollowing
adidition of the sodiim, 23wl of addition:! thanol wax
added 1o the thick Yelluw solution and the mixture was
stireeed for | Ar at rnm temiperatute. Water was added
and the yellow crvstale which separated were dewed snd
nersstallised from hod ethanol  long yelbow needles of
L wer obt annt wreighing L 00 ¢, mp 103 106°. From
the methamd mother hiquor an additivaal 049 ¢ of 11
was recovered. for a total Vield of N0

Anal Caled for C H Fe: C 7v 70 M 606 Fe 1324
Found: C. v 10, 7.38 H. 616 1w Fe 1305 1300

A nived relting poant test of 2 amph of 111 prepaned
atwre and a sample ohta.nved by means of cataly tic hrdro-
wenation twelte | anteemediate bty een the tao melting
joants The nfeaned cpuetrs of the tuo amphe were
wirntieal

In aroihet exprainwent. a T2 viebt of 111 wans obtarwd
by thes peacs.fore

Roductron of Il *y Hthivw alemiawm Aplrrde To »
slurry of 132 g (001 mole! of powdrtrd hithinm alymindo
hydride 18 230 mi of ethre nas added 11 S ¢ (U 030 meole)
of 1in 130 ml of bensroe aned 0 ml of e*Rerover a 1 ke
petiod  The ceaciran nusture wae relinved with otietieg
for 16 he . condei. sml maret cthes 1ullourd by dilute am-
monism chioride sobitron ae added.  A\fter Bltering, the
cthe: phaw ane washed with nater and drwst viee (e
erste Th- wolient nas cvaporated benting & dark viseos
vl which urs suduerd (o crvstathee by dieah ing 11 0 bt
mcthane! and mpeds  combing v & dey o acvioar hath
Searn g of 2 1eflow ol wae thes abtaied, mp 113
125° cuncorr * After tepuated cevetallisstion from citler
methanol or sthanol. 30 g of VIl wae oltawcd tn the
formm of vedow deaflete, mop |98 1207

toa’  Caled for CoMgFety, C 7237 K 387 Fe,
202 Feurd C 7242 7263 H sl 3w b 1300
1o

Aeduction of [ by vadium darabpdeed  To a cbstion of
% g @O ol of 1in 90 ml of meibaned wvoe added 22
€ Vil made’ of wohimm bwrohsdride v X' of mater
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The misture was cticeed fur 2 koo and then Bltered. The
filtrate was cooled in ice and th: cxeess sodium horohy-
dride was decompoced with wevtone.  Following the adds-
tion of 30 ml. of water and 100 ml of ether, the cther por-
tion was washed with wat - and dind over anhydeons
sodium sulfatr.  Remon sl of the solvent and two reerss-
tallizatiwns from ethee-perrakum rther produced 19 g
GRS vield) of viw ervatalbs of VIR mop. M3 8050

Anal. Caled, 0 Celgbeo: C) soms: M, 3320 e,
1912, Found: € 70010, 6092 1557 367 Fe, 100N,
1,22

Reduction o | by sluminim 1caprapogols.  \ -nitwn of
t37k (0013 mobke) o8 Pand T8¢ (.06 mole s of aluminam
isopropotide in 1 mb of redistilled opropy | aleohol wie
stowly distilkesd for 1 hre however, the preeniee of acvtone
w the distillate could not be deteeted. Tn onder te e
the reaction tempwesature, 30 ml of xybene was gdded and
the isaprapy | alvohol was removed by distiltstion Con.
tinued slow distillation a1 131 1357 produend 2 distillate
contrining acvte o After hyvdmds s with 150 ml of I
hydruchlonie ackl, the organic phase was washed with
water and the solvent evapurated  Heersstallization of
the residue produesd 0.8 ¢ of bensviferracne IV mp
I3 TE7 A mived melting peant Wt with an authenty
sample was not Jepreaed

Aeknowledyment.  The authes wish 10 express
their appreciation to Mr. F. F. Bentley and Mms
N. E. =rp for toe infrared spectra. We are also
vers grateful to Dr. Rox Pruett of the Linde to .
and to Dr. Ernic Barthel of the K | du Pout de
Nemours & Co. Inc. for penerous samples of
ferrocene used v our reseatrh program.
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Part 3. The F.eparation of some Acylferrocenes and Alkylferrocenes '

\BsTRACT  Several new acviferrocenes and 1.1’ diacvifesrocenes
hare hren prepared and reduced 1o the corresponding alkviferro-

cenes aund 1.1 dialdviferrocenes.

Attempts 1o directly alkviar

Jerrorene resulted in mixtures of polvalkviaied products.

Ome of the first reactions of ferrocene’ * 10 be
investizated was the Friedel-Cmfts aev'ation with
st chlorides and anhyidrides e the precence of
a suitable Lewis acil catalyst® under conditions
sintilar 1o those used for preparing acyvibenzenes.
However. ut the time of the inception of the
present investumtion. no sucoessful attempts to
directly alkylate iernaone P ad best reported m
the hteruture '

In order to prepare o senies of alkvlerrorer <
the duwe aihalaton of forrocene was first mves.
iguted and found to be an unsainsfactors svn.
thete method!  The acxlation of lerrorene and
subsequent reduction vas then stuhied and many
new arvifrrrorenes and alky iferrocenes santherssed

It has heen found that both ac)llerracenes
and 1.1 <bac vierrocenes 110 can be prepared o
smtisfactory vaekd by varving the ratw of ferro.

: ;
Ot OF
» n
o ok
] n
vete, sevd chlonde. and slummum cldw.de. and

aleo ke made of addition  Compounds of type

1 awe prepared by the dropese addition of the
scrd cllondeslyminum chlonde compiey 1o the

GMINOD. 4R .

ferrocene solution. wsine equimolsr amounts of
acil chloride, catalys' and ferrocene.  The disubs-
sttuted derivatives. 11 were prepared by addin e
the frerocne: sojution to the compley, using 4
molar ratio of hoth the acid chlaride aml the alu.
minum chloride 1o ferravene of creater than 21

The preparation of both | and H by these pro-
codurms apprars to be s very satisfactory santhets
method  Using the approprate procedure, aither
was uhtamel uncontamimated by the other or by
unrewcted ferorene The uravcountal ferrorene
was present an the form of tars  H the reachion
was cartid oul at roow tempersture istead of
at redlun. the amount of tar produced wes con.
wderably decrvased. The viekde of the dibetones
ternddl 1o devrense with icrvwang  molecular
weaght, probahly due to verr factors 22 uell a4
decernsed reactivity of the acud hlamdes  The
properisrs and analises of the aciiferrorenes and
1.1 <har xlfeerocenes are sumnianiaed m Tabie |

The catalvte bydrogenation of 11 -diretvd-
fertacene to 1.1 dwthvlicrrorene was succomfully
carnyed cut by Rasct.blum ~ However, it was no.
posmole to eiteed ths rvection to the hygher
homologacs under umilar as well st sarongee con.
ditsons. although 1! wae posmble 1o dupisrats
Rownblum's wark The . m marked contres.
to anl alkyl ketones which wn proeval are regehds
hydrogenated 1o hrvdracsrbons *  Conwqueeat!y |
the (Trammen reduction was ased for the re.
dactron of the hagher homnlogs Recenth . Neo
mrsanot and Val'kensw®hatve wad thae same
methad for the redacton of wome lowey 14

12




TasLE [~ Acylferrocenes

I
Found H |

1

. Caled.
H !

Ferrocens M.P, °C. iYield.' C Fe Analyses Fe
% | ¢

I

|
20. 67 . 61. 96, 61.
12.74 7155 7L
11.20 7300, 73.
10, 14 7438, 74, 37
965 T4 8T, T4
R 43 76,20, 76,
13,16 7407, 74,

127.0-127. 5 |
54, 8-56, (
68, 6- 64,
76.6-77.

N0 0-80.
N2, 4-83. -
5. 0-50. 8

529, &
N8O, &
93K, 4

975 0

— -

16 20 %3, 20. 0
841 13,00, 12,98
27 SATLE 46
75 . 06, 10. 05
1019, 10. 07 .88, 1) R4
10.30, 1016 1 %70, 9.0
9. 53, 4 36 . 20, 13. 27

|
!
i

. 22 08
.74

b 38

0. 8K
11
. 65
. 50

1,1"-Diacetyl-s
1,1'-Dicaprylyi*
1,1'-Dicapryivit
1,1’ -Dilavroyl-’ .
1,1'-Ditridecanoyi
1,1'-Dipalmitoyl-¢
Palmiteyl-4

“ Red erystalling solid.  * Redeorange erystalline soiid. < Salmon-eolored solid. ¢ Yellow erystalline solid

Taste Il Alkyiferrocenes

Analyses
Ferrocene B.P., °C. ni Yield, € Caled.
e H
[ .

Fe

Found
H

—35 0 ST-N4 1. 5761 60 15 23, 06
0.15 mm.

100- {93 1
0.15 mm.

197265 1

0.04 mm.

1,1’-Diethyl-2

1,1'-Dioctyl-» .. .. .o =160 S2H4 BN 7607 13. 61

1,1’-Didecyl-« 11. 57 3142 30 .23

. 13

11. 97
1,1”-Didodeeyl-» 7., 30.6 30, 8 10, BN
i,1'-Ditridecvl-s 8 51

1,1’-Dihexadecyl-s..

' 35.0-30. 10 14

0

|

T4 2-42. 4 .45 N N0
6

Hexadeeyi- ... 5. 0-55. THON 032 1561 TR 00,
76.26

* Dark-red liguia. M Melting point value obtained from referenee 7. % 10076; MR 124.12. < (% 0.9863;
M.R. 140.9!. * Viilow ervstalline <olid. ! Two vusaturated compour Is, melting puints 32.4 33.4° und 37.2 388°
(uncorr.), were the only produets isofated from the initial Ciemmensen reduction Both exhibited strong absorption in
the trans double-bond region of the infrared (103 microa: A Hoth conid B B diegensiad Lo the exprecind compettig,
In a repeat experiment, 1,UV-didodeeviferrorene was obtained dirvetiy.

digeylferrocencs.  The properties and analvses of  cene, the corresponding -lisubstituted derivative,

the alkylferrocenes and 1.17-dinlkyiferrocenes are
suminarized in Table 1.

1,1’-Diethylferrocene decomposed to a consider-
able extent after standing for several wonths, even
in the absence of light und air. This is in accord
with observations by other workers ™ * concerning
this and other low molecular weight liquid alkyl-
ferrocenes  On the other hand 1.1’ dioctvi-
ferrocene and 1,1’-didecylicrrocene, both liquids,
appeared compietely stable to air and light after
severn] inonths storage.

A point worth aoting is the unusual meliing
point of hexadecyl{errocene (5.0 55.6°) comparwd
to those of 1,1”-dioctylferrocens ( —16.0°) and §,1°
dihexadecylferrocene {41.2 42.4°.  Hexadeevifer-
rocene would be expected to have a lower eielting
peint than its sytumetrical isomes, 1,1 «dioctylier-
rocene, but it docs not.  Also, hexateeyllerrocene
is higher melting than even, 1,1°-dihexadecylferro-
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which is very unusual among suhstituted aromatic
comoounds.

The question arises whether the dincyiferrocenes
and dialkylferrocenes are svimmetrically or unsym-
metricully substituted.  Simee none of these com-
pounds absorl in the .afrared in the region of 9.00
or 9.95 microns (peaks in these regions being indic-
ative of unsyrametrical substitution according to
the date of Rosenbluin ' and of Pauson ' it was
concluded that these compounds were symnietri-
eally substituted.  The twe monosubstituted
compounds. palmitovlferrocene and  hexadecyl-
ferrocenc, did absorh in thess regiona as e pected.

Three methods of direct alkylation of {~rrocene
were attempted; aleohols and 1000 phesphone
ncid, as successfully used for alkylnting biph- ' 0
alcohols and aluminum chloride, and alkyl ~
and aluninum chloride. Al were succesalt he
extent that little or no uwreacted ferrocene enuld




be recovered by steam distillation. However, the
product was always a mixture of jolyalkylated
liquid ferrocenes, boiling ver u wide range, or
undistillable tars.  We were unable to obtain any
pure fracticns upon distillation. and it appeared
that the yield of any one pioluct was small
Nesme anov and Kechetkova # have recently
reported similar work using alkyl halides and
aluminum chloride. They were able to isointe by
distillation mono-, di-, and pentn-nlkylstesl ferro-
cenes in very smell vields,

EXPERIMENTAL®

1.0 -Diacylferrocenes (1H. All 1,V <diaey Herrocenes werne
prepared by the reactior of the appropriste acid chloride
with alumitum chloride and ferrocene.  As o typieal ex-
ample, 1 1'dicapryiylferrocene was prepared by adding 120
g. (0.90 mole) of anhydrous aluminum chloride ) 330 ml.
of methylene chioride (dricd over ealeium hvdreide) in o
2liter, 3-necked flask equipped with stierer, retlux cone
denser, nad additional funnel. A nitrogi e atmosphere
and stirring were maintained throughont the paction.
Through the addition funnel. 46,5 g (0.9 moler of
capeyvlyl chloride (prepared from capeylic acio and thiony!
chloride in 807 vield' was slowly added, dissolving the
aluminum chloride. A solition of 631 g (10,45 mole) of
frrrocene in 330 ml. of tuethylene chlotide was added drop-
wise over a period of 2 hrv. Reaction was inimediate as
evidenced by the evolution of hvdrogen chlsride and the
formation of n dark purple complex.  After 7 he. of stir-
ring. hydrogen chloride (valution had  eensed and the
reaction minture was hydroly s by pouring it onta 500 &
of jiee.  The two-phase systent ahich was badly emutes-
firdd, was fitered under vacuum atul the phases weps e
rated.  The organic phaswe wias aashed untid neuteal and
dried over atbydrous ealemim sulfate. The methybone
ehle i -olutica was Bltered free of deving agent and the
salvent evaporeied tnder an air strveam The cruds prsle
et was reervstallioed twice from methanol vieldieg 1000 ¢
A3, vield! of ofange-red eevatals, mop 30 82 (uncoery,
An anaiviieal sample was ebtained afltor two ofditional
recryvstallizations from nethanol, mp 30 0" Nee
Table i for the analyen

Palmitopllerracent.  The mpuipnent and peseedure v oed
were the <ame as {or the prepamtion of the 11 diacyd-
feerae=iees uith the ~wreption that the made of addi on was
resersed. A salithar of 133 § ¢ (0 33N moler of palmitov)
chionde (prepared ir A8, veld from palmnctic aced and
thionst chloride: and 774 ¢ 1 ASN mole) of aluminum
chlaride in N0 ml of anhrdrows docthylene chlomde wae
added Joupuiee over a 23 b prerpad ta 10T g (035N
male! of fertorene divsalicd in Gl of methykns
chionide  After shirfing overnught the feactzan mirtune
was worked up and th crude proaduct seelied U e
cerstallization fram mxthanol produesd 1161 g (4387,
vicid of veflow crostals, mp 370 ANTT An analvteal

sarmple  was obtaited after one scervetalbzatwon from
Sev Tatwe | for the analias

metkanal mjp 30 ¥V

Hydrogenation of [0 -lincetylferrocene. In n 500-mi
hydrogenation bottle were placed 108 o (0.0 mole) of
L UdineetyHerrorene dissolved in 300 ml. of met hano! and
1o of 370 platinum on charconl.  The mixture was plaeesd
in a Parr hvdrogeaation apparatus at a pressure of 50 pos i,
After 24 hir. the hydrogen uptake had reached the theoret -
ical value.  The solution was filtered free of eatalyst and
the methanol stripped off.  Distillation of the ceude prod-
uet at reduced pressure gave 5.7 g (6077 vield) of o dark -
red lignid with a strong camphoraceous odor, b.p. 87-59°
at .05 mu, i) L3761, Resenblum teports bop. 130-131°
at %o,y L STH07

Attempts to hvdrogenate the higher 1,1%-diacyiferrocene:
under similar conditions and nixo at elevated temperature-
giave starting material as the only izolatable product.

Clemmensen zeduction of asyl- and 1, 1'-diaclferracenes
The acvl- and L1 -diacylferrocenes were reduced to the
vorresponding alkvl derivatives by refluxing with dilut:
hvdeochloric acid and amabeamated zine.  In a typical
experiment, 200 ¢ of zranabar zine was amalgamated ny
stirnmug 5 omin. with 15 ¢ of mercuric chloride, 250 ml. of
watee, and 10 ml of conerntrated hvdrochloric acid in a
L-liter, 3-necked sk equipped with o stienet and eeflux
condenser. The ameous phise was pipetted of and 100
ml of wiater, 200 ml. of coucenteated hedrochlorie acid,
135 g (01 mole: of 1 -dicaprylviferrocense, and 100 m).
of henzen: were added quekly in that oeder. The mixties
was brought to neflux and stiered vigorously <o that the
amalgam wius (nocoutact with both phase<. At intervals
duning the reaction, four 30-ml. portions of coneenteated
hydrochloric acid were added 1o maintain the acidity of
the solution.  AMfter 52 he. the mixture was brought to
room tempesatute and filtered free of amalgam.  The
atedgam was wastried with ether and the combined orgame
plrase extracted with water to netirality and deied over
anhvdrous ealeine «wifate. After filtration {rom the drv.
ok agv it Ml st s woteed synelie an air sircam
The crude produect was distilled twi e under reduced pres-
suev throsgh a breated Seinch Vigreuy colu nn vielding 238
€ 3N viekd of 2 dark et liguid hop. 190 *93° at 018
mm. See Table 11 for the analvsis

The solid alky!- and LU «islkviferrocenes were putified
by reervstaliization from aeetone

Inreet alb ylatian of fez:oeeme  As a tvpival sxample, 33.8
€. {0192 mole) of lerrocene, 400 ¢ (0.30 moic’ of anhy.
drons aluminum chloride, and 100 m.. of dry methyiene
chlotide were placed in 4 230-ml 3-necked Bask equipped
with stierer iofluy condeaser and addition funnel.  Stirring
and a nitragen atmosphers were maintained throughont
th= renstion  \ wolution of 176 ¢ 1020 mole’ of Famyl
aleotd i 30 ml of dry methrlene chlueide was added ovee
aperid of 33 h After 1% b, the mitture was hydro-
Iraed with iee water and neutralieed with sodium hvdrox-
whe wfubian A steam dintiflation failed to oduce any
unreacted ferromene The treadue from the steam distilla.
tien was eatracied with bengene, the benzenc salation
wached with nater, and dred over calcium chiloride.  Aftee
Altrataon from the 2riieg ane at, the solvent v as cvaporat -4
under an air sdeeam The crude product was $63HRT
ture under reduced pressuge throvgh a 2hinch eotum:




packed with 0.28-inch glass helicex.  The main fraction,
# dark-red liguid, weighed 5.0 2., b.p. 62 64° at 0.1 mm.,
ny 1.5683. The clemental analysic wax  intermediate
between thoxe ealculnted for the mono. and disubstituted
derivitives,

Anal. Caled. for < HyFe: C, 70.34; M, 7.87; Fe, 21.79.
Caled. Ca Hy Fe: €, 75.6%: H, 9.27; Fe, 17.11. Found:
C, 7217, T2 0, N9, 808 Fe, 19.57, 10.55.

Similarly, ferro ne was alkviated with n-decyi aleohol
and with n-deeyl chloride by refluxing everal dayx with
excess alumitum chloride in methylene chloride volution.
The reaction of ferrocete with either -amyl alcohol or
n-amyl alcohol for several honrs at 110-115° with 1007
phosphoric acid as the solvent also produced alkylated
derivatives.  The products in every case wers mixtures of
liguid alkyvlferrocenes, none of which could be readily
<rparated into pure componnds by distillation or by chro-
matography on alumina.

Aeknowisdyments.  The nuthors wish to express
their apprecintion to Mr. F. F. Bentley, and Mrs.
N. E. Srp for the infrared spectra, #nd to Dr. Eric
Barthel of the E. 1. du Pont de Nemours and (o,
Inc. and Dr. Roy Prunett of the Linde (o, for gen-
crous samples of ferrocene which have been used
in this research program.

4

BIBLIOGRAPHY

() Presented in part at the  [31st Meeting of the
American Chemical Rociety, Miami, Fla., April 7
to 12, 1957 see Ahstracts of Papers, pp. 47-50.

(2) T. J. Kealy and P. L. Pauson, Nalure, 168, 1039
(1951).

(3) 8. A, Miller, J. A, Tebhoth, and J. F. Tremaine,
J. Chem. Soc., 632 (1952,

(9 R.B. Woodward, M. Rosenblum. and M. (. Whiting,
J. Am. Chem. Soc., 74 3458 (1052).

(3 V. Weintayr, J. Am. Chem. Soc., 77, 3000 (1953).

(6 P. L. Pauson, Quart. Revs., 9, 391 (1955).

(7 M. Rosenblum, Ph. D, Thesis, Hurvard niversity,
1953.

(8. W. H. Hartung and R. Simonoff, Org. Reactions, VIJ,
263-326 (1953).

(A, N. Nesmevanov and N. A, Vol'kenw, Dokiady
Akad. Nauk SSSR, 107, 262 (1956,

(10v P. L. Pauson, J. Am. Chem. Soc., 76, 2187 (1834).

(1 1. A Romadun and V. K. Berainva, J. Gen. Chem.
U'SSK, 25, 268 (1435).

(I A, N Nesmevanov amd N. 8. Kochetkova, Doklady
Akad. Naak SSSE, 100, 343 (19586).

(13 All wwlting poiuts ane cocrected unless otherwise

noted b ciling points are not cormeeted.  Analyses

were made by Schwarzkepf  Micmanalytieal

Laboratory, Woodside 77 N Y.




WARREN R. GRIFFIN

A Room Temperature Vulcanization System

for Selected Fluorine-Containing Polymers

1958







WARREN R. GRIFFIN

Warrer: R. Griffin was born January 1, 1932, in Rochester, New
Hampshire. He was awarded a B.S. in chemical engineering by the
University of New Hampshire in 1954, He then jeined the Goodyear
Tire and Rubber Company in Akron, (Ohio, until December 1954
when he entered active military duty as a lieutenant in the United
States Air Force. He was assigned to the Materials Central, and,
at the expiration of his militarv tour, elected to remsin with the
Materials Central in a civilian capacity. He is currently assigned to
the Elastomers Section of the Elastoners and Coatings Branch,
Nonmetallic Materials Laboratory.

Mr. Griffin is & member of the American Chemical Society and was
Chairman of the Fall (1961) Technical Session of the Southern Ohio
Rubber Group, a division of the American ('hemical Socety.

His inventions include “Room Temperature Vuleanization of
Elastomers” and a “Reclaiming Process for Fluorocarbon Elastomers”
He was presented an Qutstanding Inventor Award in 1960.

BIBLIOGRAPHY

Rubber in n Nuclear Environment. DPaper presented at the First Semi-Annual
Radiation Effects Symposium, May 1957,

WADC Evaluation of Experimental Polymers.  Paper presented at the Joint
WADC-UD Conference, March 1957, Published in Rubber World, 136(5):
687-644, August 1997,

With L. E. Coleman and D. A. Rausch. -Folymerization of Some 1-Alkyl-1-
Hydroperfluorontkyl Acryistes. Journal of Chemical and Fngineering Daly,
3(1i: 113171, April 1958,

Radiation Effects on Elastomers.  Paper presented before the New York Rubber
Group of the American Chemical Societr, October 1958, Abstract published in
Rubber World, 139(2): 379, November 1958,

* Room Temperature Vuleanization Systen for Selected Fluorine-Containing
Flastomers. Paper presented at the WADC Science Engineering Symposium,
October 1959,

Characterisztion of New Elastomers. Paper presented at *he Air Foree Ma-
terials Sympositm, Phoenix. Arizona, September 1981, Published in the pro.
ceedings of the conference.

Flastomer Research at WADD. Paper presented at the Joint Army-Navy-Air
Foree Conference on Flastomer Research, October 1060. Published in the
proceedings of the conference,

Fluoroelastomers-—Their Status as Eugineering Materials.  To be published as u
chapter of the Eneyclopedia of Fngincering Materials and Processes, 1o prepura-
tion by the Reinhold Publishing Corporation, New York, N.Y.




A Room Temperature Vulcanization System for

Selected F luorine-Containing Polymers

W. R. GRIFFIN

ABSTRACT—The development of a room temperature vulcanization
system for selected fluorine-containing polvmers is described. 4
theory is postulated to explain the tulcanization involving attach-
ment of reactive sites to the polymers at elevated temperatures
Jollowed by cross-linking through these sites at room temperatures.
The formulation, characteristics and test data are given for a
hexafluoropropylene-vinylidene fluoride copolvmer (Viton A4%)
vulcanized by this system. The technique appears applicable to
the preparation of sealants, aerodynamic smovihers and other
related materials urgently required by the Air Force for advanced

vehicles.

INTRODUCTION

This report concerns the development of a room
temperature vulcanization system for fluorinated
hydrocarbon polymers.

Room temperature vulcanization is a necessary
feature of the polymeric liquids vsed for fuel tank
and cabin pressurization sealants, potting com-
pounds and many -..her related products. With-
out this feature, delicate electronic equipment,
large wing and cabin structures, and perhaps whole
aircraft would require exposure to normal vulcani-
zation temperatures (275° to 320° F). While
such exposures are not impossible, the need for
high vulcanizing temperatures has discouraged the
use of many elastomeric polymers which would
have otherwise provided a basis for sealant
materials.

Subsonic aircraft operating under the environ-
ments encountered during world wide operation
(—65° 10 160° F) have employed senlant materials

based on liquid polysulfide pol ymers and have been
generally satisfactory. However, they are limited
in therinal stability to 275° F and with the advent
of supersonic aircraft, the need for sealant mate-
rials in the 500°-600° F range became urgent.

The fluorinated hydrocarbon elastomers were
known to possess the necessary thermal stability
and fluid resistance, (1) but prior tu the investiga-
tion described in this report required 300° and
400° ¥ temperatures with applied pressure for
complete vuleanization. Although liquid poly-
mert o1 this type were not available during the
investigation, the roomn temperature vulcanization
of dry polymers prepared from solvent solution
was believed feasible and would be a useful
contribution.

The approsch was based upon the assumption
that reactive “handles’” attached to polvmers at
normal vulcanization temperatures (275°-320° F)
could provide reactive sites for room temperature
cross-linking by another agent. The commer-
cially available fluorinated polymer, Viton A (2)
(a copolyier of hexafluoropropylene-vinylidene
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fluoride) was selected for study. It was modified
by a reaction with diallylamine in the prosence of
magnesium oxide, followed by attempts at vul-
canization with a ariety of cross-linking agents.
The materials, methods of preparation, and the
physical properties of Vicon A vulennized by this
syvstem are dese ‘bed.

While infornation presented on actual prep-
uration of sealant materials is quite preliminary,
with many facets vet to be explored, this discovery
could provide u mmjor break-through in the
development of sealant materials for the 500° to
600° F range.

Section 2.

EXPLORATORY CROSS-LINKING
STUDIES

The general approach used in this development
was based upon the assumption that reactive sites
could be attached at elevated temperatures to the
polymer and attacked at roor: temperature by a
suitable cross-linking agent.

Early attempts to vuleanize Viton A at room
temperature were through chelation. The polv-
mer was reacted for one hour at 300° F with two
parts of diethanolamine in the presence of mag-
nesium exide. Following this treatment, the
modified polyiner was refined on a tight mill to
insure a uniform dispersion. This product was
then dissolved in methyl ethyl ketone, mixed with
one part of cobaltous chloride «nd flowed out on n
steel plate.  After five days at room temperature,
the flowout atinined a good stute of vuleanization.
The cobaltous ion was erronecously assumed to
have been chelated by the attached diethanola-
mine and the cross-linking to have resulted
because the ligand was attached to the polymer
chain.

While the early work vielded much valuable
information on solvents, processing techniques
and reactions of fluorinated polymers, cross-
linking through chelation appeared to be plagued
by too many complex variables to emerge ns a
practical system.  However, much evidence sup-
ported the original assumption that the secondary
amine of diethnnolumine would react with selected
fluorinated polymers and result in an adduct to
the polvmer chain.  The eventual solution to the
problem of a practical room temperature cross-
linking svstemy emploved this reaction to attach
pendant groups which contained curbon-carbon
unsaturation.
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Section 3.

THE ROOM TEMPERATURE VULCANI-
ZATION SYSTEM

Introduction—"The exploratory investigation
suggested that a secondary amine structure would
attach to the polymer chains without causing
vulcanization.  Diallylumine, for example, pos-
sesses the necessary secondury umine for attach-
ment and carbon-curbon unsaturation for low
temperature cross-linking sites. Therefcre, after
considerable experimentation, a system was de-
vised for investigating this amine as a method of
iniroducing reactive sites

Formulation—The principle ingredients of this
system were the fluorinated polymer, magnesium
oxide, medium thermal carbon black, diallylamine,
and hexnmethylene dithiol. As previously stated,
the fluorinated polymer was Viton A. Briefly, the
intended functions of the various ingredients of
this system r. e as follows:

Magnesium- -decomposes the amine hydro-
halide sult which is formed when the amine and
the pelymer renct and stabilizes the polymer
during high temperature exposure.

(‘arbon black-—provides high sclids content
solutions with reduced nerve and enhances the
physical properties of the vulcanizate.

Diallylamine—provides in the polymer chains
reactive sites for room temperature cross-linking.

Hexamethylene dithiol—serves as a cross-link-
ing agent by adding to the unsaturation of the
renctive sites.

Fvidence supported the need also for a basic
catulyst and the presence of moisture for the room
temperature reaction.

While it would have been more disirable to use
' true liquid polymer, this system was demon-
strated with a solvent solution. The total system
was separated into two parts as shown in the fol-
lowing formulation. This separation resulted in
stornge tability for each part.

Parts pe:
hundred
of polymer

Part A i weight
Viton A . . . . 100
Medium Thermal Carbon Black . .30
Magnesium Oxide . . . [, 10
Uiallylamine. . et
Methyl Ethyl Ketone

Part B
Hexamethylene Dithiol. . . R
T.i-u-amylamine I




Preparation of Part A---The ingredients of Part
A, exclusive of the solvent, were weighed to an
accuracy of plus or minus one percent. The
liquid diallylamine was absorbed into the curbon
black on the balance to minimize loss and to
provide faster mixing. The pelymer was banded
on a water cooled 3’/ 2 "’ laboratory mill with the
roll separation adjustea to provide = rolling bank
in the nip of the rolls. The carbon black contain-
ing the diallylamine was added and followed
immediately by the magnesium oxide. The
presence of dry carbon black prevented the mag-
nesiutn oxide from cuking on the unbanded roll.
The “drop through’' was returned to the nip until
all ingredients were in a single muss. The mass
was then cut from the roll, end passed through
close set roils four to six times to provide u uni-
form dispersion and sheewed from a wider roll
separation to a convenient thickness for the next
operation.

The sheet was placed in a standard ASTM mold
which had been liberally coated witl- surfactunt
mold release. The mold was then placed in a
hydraulic laboratory press at 300° F under sufli-
cient pressure to keep it tightly closed. After a
reaction time of two hours, the rubber sheet was
stripped from the hot mold and the surfactant
removed with water. After the flash was removed
and discarded, the sheet was refined on a tight
mill to break up uny agglomerates and to prepare
the stock fo- rapid attack by the solvent.

The ribbon of heat-treated stock was weighed
and placed in a suitable container with an equal
amount of methyl etryl ketone. The stability of
Part .\ prepared under these conditions exceeded
three months at ambient laboratory temperatures.
During longer storage, the magnesium oxide or
carbon black may form an unstable gel with the
polymer but this could perhaps be removed by
passing through a paint mill.

Preparation of Part B—As indicated in the
formulation, Part B was a mixture of hexa-
methylene dithiol and tri-n-amylamine. The hexa-
methylene dimercaptan was selected in preference
to others because it had liquid state, low vapor
pressure, and mild odor at normal laborator)
temperatures. 'Tri-n-nmylamine was chosen as the
basic catalyst becuuse it was liquid at room tem-
perature, strongly basic, and found to have little
effect in the volcanizate after high temperature
exposure.

Preparation of the Vuleanizate- -The vulcanizate
was prepared from a uniform dispersion of Part B

into Part A  Air entrupped during this mixing
operation was allowed to escape before 1 flowout
was made on a clean steel plate. After 24 hours
ut room temperature, the flowout had sufficient
strength to be stripped from the plate. Partisl
vuleanization had occurred during this period as
indicated by insolubility in methyl ethyl ketone.

The catalyzed solution remaining in the con-
tuiner retained fluid properties for three days.
The absence of moisture was assumed to have
been the cuuse of the long pot life.

Properties of the Vulcanizate—The properties cf
the flowout were determined during the cross-
linking period. The rate of vulcanization at room
temperature was traced by measurements of
tensile strength, percent elongation, hardness and
permanent set after break of the specimen. The
test specimens were 1uicrodumbbells measuring
L' x 8% in the constricted section with %'’ tabs.
(3) The tests, except hardness, were performed on
a modifiedl Twing-Albert paper tensile tester,
use! hecuuse of its s asitivity to small changes in
tensile strength. These measurenients are dis-
plaved graphically in Figure 1. The test data
obtained are presented in the Appendix, Table I.

These periodic measurements indicated a good
state of vulcanization after seven days at room
temperature. Therefore, test specimens, exhibit-
ing this state of vulcanization were selected for
high temperature tests. Dumbbells were exposed
ta JP-4 jet engince fuel in a pressure bomb at
400° F for 70 hours. The room temperature
vuleanized elastomer displayed excellent resist-
ance to the hot {luid and also showed little addi-
tional vulcanization occurring at this higher
temperatwre.  Similar samples were exposed to
500° F air for 70 hours in a circulating air oven,
The samples retained most of their original prop-
erties, but results indicated that oxidation resist-
ance was less than that possessed by conventional
Viton A vulcanizates.(4) A summary of these
tests is presented in the Appeudix, Table 11.

Seciion 1,
PROCESS REFINEMENTS

During the investigntion of the diallyvlamine.
dimerceotan systenm, several undesirable features
were recognized:

A portion of the diallylamine was lost through
evaporation during the processing of Part A.

The stock tended to stick to the mold during
the 300° F treatment.
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Fiauvre 1. Tensile strength and elongation as a function of time for room temperature vulcanising Viton .\.

The use of water to remove the release agent
caused o varinble rate of vulcanization.

Methy] ethyl ketone as the solvent tended to
form: blisters in flowouts.

Hexamethylene dithiol was not commercially
availuble.

Attempts have been made to overcome these
difficulties. For example, the partial loss of
diallylamine during the milling operation. prior
to the heat trcatmen:, was recognized as a large
variable in the formulation. This difficulty was
overcotne hy forming the less volatile hydro-
chloride of the diallylamine. Since the strongly
basie magnesium oxide used in the origioal formu-
lation decomposed the hydrochloride during the
milling operation, it was replaced by magnesium
carbonate.
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Methods to eliminate the use of water for re-
moving mold release materials were also studied
since moisture directly affected the rate of room
temperature vulcanization and the length of pot
life for the catalyzed solution. Cellophane was
found to be an excellent release material for the
stock during the press treatment. The use of a
hot air autoclave could also eliminate the need for
told releass hut haa not as vet been studied.

Studie. to replace the hexamethylene dithiol,
which was not commercially available, were under-
taken. Glycol dimercapto-acetate exhibited de-
sirable chemical and physical characteris:’'cs and
demonstrated the capability of vulcanizing the
modified polviner to good phvaicai prenertios.
tHigh temperature tests have not been completed




but a suggested formulation for future investiga-
tion could be:

Part A Parts per hundred of polymer by weight
Fluorinated Polymer. ... ____ . ... .. ... e 100
Medium Thermal Carbon Black. .. ___ ... ... ... 30
Magnesium Carbonate (C.P.) .. .. ... ... ... 20
Diallylamine Hydtochloride . . . .. .. ____. U |
Ethylacetate. . ... ... Deendent upen desired viscosity
Part B

Glycol Dimercapto-acetate. ... ... ... ... ... [R)
Tri-n-amylamine. .. ... 0.1-.2 devendent upon desired

rate of vulcanization.

Acetone. . .. ... ... .. As needed to make a homoge-

neous solution.
Section 5.
THEORETICAL

This approach outlined for a room tempera-
ture vulcanization system is based upon the
assumption that chemically active sites, through
which cross-linking with other chemicals ean take
place at lower temperatures, can be wttached to
the polyiner. Many systems can be envisioned
using this basic approach, but few emerge as
being practical.  The diallvlamine-dimercaptan
combination as described in this report is u
practical svstem for certain flnorine-containing
polyiners.

The formation of the active site was the impor-
tant first step. Amines as a class of chemicals
were known to be reactive toward fluorinated
bydrocarbon polymers. Diamines have been rec-
ommended in conventional dry rubber compoune:-
ing as cross-linking wgents for these polyvmers.
(4) The mechanisin oi this cross-linking renction
has been partially established as the dehy drohlo-
genation of the polymer followed by the addition
of free amine to the resulting double bond.(3)
An acid acreptor decomposes the amine hydro-
halide formed and ullows the reaction to go to
completion. The vulcanization of hexutluoropro-
pylene-vinylidene fluoride copolymer with mono-
amines such as n-buivl amine sugpests that a
primary amine structure possesses n difunctional
charaeter. Thus, u sccondury amine is necessary
in order that the reactive site may be attached
without cross-linking the polymer. Itis tbeorized

that diallylamine will react with fluorinated poly-
mers, which normally cross-link with diamines,
and become & pendant group as shown in the
first reaction

Reaction No. 1
¢
‘,[', Fr-CHp-CF =C 1-‘,] ~+CHi=CU—C H—NF~C Hy— H==CH,

1 ]
Viton A copolymer

Reactive Site Formation

Diallylamine

i
4
Presence of Mgt)
oo F

CF
[L Fr-CH—C—C r,] - Polymer with

: . pendant group
CHE=CH=CH-N—CHy—CH=CH,

The polymer did not cross-link during reaction
at 300° F. However, treatment at 320° F cause
partial vuleunization, showing that the allylic un-
snturation was present after the treatment, and
at 3207 F, it became active. The polymer thus
modified was extremely reactive toward diamines.
Hexamethylene dinimne gelled a solution before
complete mixing could take place. Para-phenyl-
ene dinmine was found to be slower, bat contin-
ued to cross-link at high temperatures. The
presence of n secondnry amine, which could fur-
ther renct with the polvmer, could have resulted
from the uddition of a primary amine structure
to the allylic unsaturation. Piperazine was also
able to affect vuleanization while attempts to
vuleanize the unmodified polymer at room tem-
perature with piperazine met with failure.(8)
Bused upon this cvidence, the diallylamine is as-
sumed to be adducted to the polymer chain and to
be somewhat activated by the iuorinated structure.

A room temperature cross-linking agent, which
would be active toward this unsaturation was the
next important feature of the system described.
Since secondury amine structures continued to
cross-link at elevated temperatures, the agent
must be difunctionnl and lose its activity after
adding to the allylic unsuturation.

Piperazine ar-l dimereaptans were found to pos-
sess these qualitics, but hexamethvlene dithiol was
selected us being more stable and easier to control.
The proposed cross-linking reaction is depicte’
as follows:
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Reaction No. 2 ('ross-link Formation

Palymer with
pendant grougr 4+ HY ~CHp--( Hy--CHy—CHp-CHy—CH;- SH
Havamsthylens dithin

Presence of tri-n- nvz'lumlm and meisture
SF
(" Fi
-[C Fs—~CH N-C l"n] -
] H

|
Cily=CH «(‘IIr—N—-C":—("N -CHh

N |

~

™~

Y

N

s
15N

Wl
! ~ Additional site
9 \\ for crovelinking

‘ ~.
CHi—CH -CHy -x—(‘u.-(*|1>(~n.

i[(' ¥ -C "r—l.‘“—(‘ Fn]‘
(Y N L 3
CF,

No sponging occuired during the vulcanization,
and as has been demonstratea, the seven day vul-
canized sheet was stable to 400° and 500° F
temperatures with little sdditional croas-linking
occurring. It is, therefore, postulated that dimer-
captans, in the presence of a tertiary amine and
moisture, add to the allylic unsaturation of the
reactive sites snd complete the vulcanization
reaction at room temperature without hy-product
formation.

Section 6,
SUMMARY

To satisfy an urgent Air Force requirement for
sealant materials and related products capable of
withstanding high temperatures, a research pro-
gram was begun on ronm temperature vulcaniza-
tioa aystems for the iluorinated polymers. The
success{u! results obtained under this program
should provide a sound basis for the rapid de-
velopment of the required products since a practi-
cal system for roon: temperature cross-linking hes
evolved.

This system is based upon the principle that
active unsaturation could be attached to the
polymer chain by a reaction with dullylamine in
the presence of magnesium oxide. Througl: these
sites, dimercaptans such as hexamethylene dithiol
and glycoldiimercapto-acetate, when aided by
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tertiary amines and moisture, were shuwn to
cross-link the polymer at room ermperature.

The vuleanizate developed essentially full prop-
erties in seven days and demonstruted excellent
resistance to jet engine fuel at 400° F arnd air at
500° ¥ after a period of 70 hours.

It is recognized that the system described is one
of many, and that it is in need of further refine-
ments.  For example, the erd products required
ure usually based upon liquid polymers, rather
than sulvent solutions as used in this study.
Adhesion to aircraft construction materisls is poor
and requires improvement. The l¢ oratory meth-
od of preparation is also in need of refineinents for
lar, r volume production.

I: spite of its deficiencies, thie system is con-
sidered to be of major importance because it is the
first to be disclosed in publications for croes-link-
irg the fluorirated hydrocarbon polymers at
room temperatures.(4) Imuicdiate application
in the area of fuel tank and structure sealants,
followed by its investigation in bladder type fuel
cells, fill and drain type of sealants for rocket fuel
tanks. coated fabrics and dampening materials
for electronic instruments, is anticipated.

APPENDIX

Tanrx 1.—Role of cress-tinking of reom lemperature rul-
caniting Viten A
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Tasre 111.--List of malerials

Material
n-Butylamine

Cobaltous chloride ...
Diallylamine .. .
Dinliylamine hydrechlorid
IYiethanolsmine .

silveul ditmereapto-acetate
Hexamethylene diamine .
Hexamethyiene dithiol
Magnesium earbonate. .
Magnesium oxide .

Medium thermsl carbon
black.

p-Phenyione diamine. .

Piperagine . . ... . .

Tri-n-amy lamine

Viton A............ .. ...

Nowuree
Eastman Organic Chemi-
cala

. Fiseber Scientific Company
. Nhell «hemieal Corporsation

Prepared from Dially laaiine
bow Chemieal Company
Evans Chemetie Ine.

. Mathieson Company, luc.

Akirich Chwemical Company

Mallinekradt Chemieal
Work«
Gordfrey L. Cabot, Inc.

Fastman tmganic Cher
cals.

. Wyandotte Chemicals Cor-

poration.

Eastrman  tieganic Chemi-
cals.

E. L. du Pon: dv Nomoury,
lac.
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Strain Aging Effects in Columbium
Due to Hydrogen

B. A. WILCOX

ABSTRACT--The strain aging tendencies of recrystallized, fine-
grained arc cust collumbium have been investigated using two differ-
ent experimental techniques, the feasibility and accuracy of both
methods having first been evaluated by tests on 1020 steel. Tensile
struining (up to about one percent strain) at —50° C retealed the
characteristic upper and lower vield point found in BCC metal:.
this effect being attributed to " Coutrell Locking™ of dislocations hy
aim. spheres of interstitial atoms. Immediate re-straining of the
samples showed no vidd point effect since the dislocations were
already uipinned. but suitable aging trearments (121-260° C)
caused the vield point to return as a result of dislocations being
relocked. The aging temperature dependence of the rate of yield
point return was evaluated, and an activation enerrv of 10,500
cal mole was determined for the process. This eulue is consider-
ably lower than the activation energies for diffusion of carbon,
axsgen, and nitrogen in columbium, bu: in good _agreement with
the caluc given by Albrecht for hvdrogen diffusion in Cb (Q=9370
cal ‘mole;. It is lllcn:[m concluded that hyirogen can be respunsi-
ble for strain aging in columbium. This finding disagrees with
the results of Begeler who used a similar technique to determine an
octivation energy of 27,100 culfmolejor the temperature

of the rate of vield point return in columbium. His condusion
was that axygen was responsible for the strain aging effects.

The abilisy of hvdrogen to cause dislucation pinning in colum-
bium was further substantiated by using dynamic modudis measure-
menis to study the sirain aging process. Samples of Cb from the
same heat as those used in vield point return studies, and samples
u*uihodbtmh‘lmgmdargdaﬁm(']or?hwnum
deformed 2-3 percent in com ion. The dynamic modulus
{measured ui room mmumm decreased as a result of
dislocation unpinning during deformation, but increased toward
the original unstrnined value as o result of aging at temperutures

rom 24 00 97° C. .{ctivation energics jor the strain aging process
um determined for the uncharged and the by it
maierial (() = 7830-8280 col/mole uncharged; Q= 8080-9920 cul/
mole, hvdrogen charped). W hile Avdrogen charging did not signifi-
candy affect the actitation cneryy, the treatment did cause o fourfold
increase in ckjnwawvfm A, of the rate equation,

rale= Ao 9T
lluu urther notnl that the Aydrogen charging trestment

ittfed the columbium. The reduction in area o]
lamlomplafa’dd?chndnwnmmnojOOOSm

was decreased from 79 10 2 percent as a result of Aydrogen charging.




INTRODUCTION

The refractory metals of Group 5A of the Peri-
odic Chart (V, Cb, and Ta) and of Group 6A (C'r,
Mo, and W) have in recent vears received consid-
erable attention as a vesult of their high melting
point and iheir high tempernture strength. Re-
searchers hav found, however, that in order to
minimize harmful oxidation, fabrication should be
carried out at the lowest feasible temperaturcs.
Many investigations have therefore been under-
taken to evaluate the mechanical behavior of these
metals at lower temperatures. Such studies have
revealed that these BU(' refractory inetals behave
in many ways like alpha irou end mild steel. In
particular, the intraction of dislocations with im-
purity interstitial eclenients has been found to
affect in a similar fashion many mechanical prop-
erties of both aipha iron and the BCC refractory
metals.

Among the properties and phenomena which
have been influencer] by or attributed to the inter-
action of interstitial elements with dislocations,
are the following:

(1) Upper and lower yield point effect; steel

(1, V(2), Cb ), Ta (4), Cr (5), Mo (6).

W (7).

The strong temperature dependence of the

tensile and vield strengths at low tempera-

tures: iron (8), V, Cb, Tu, C'r, Mo, and W

(9.

Delayed vielding and prevield microcreep;

mild steel (10, 11, 12). C'b and Ta (13), Mo

(13, 14, 15).

The dependence upon struin rate tor eveling

mite) of the following:

(a) The “blue brittle temperature; i.c. the

tempernture at which a maxiniun ve-
curs in & plot of atrength vs. tempers-
ture: mild steel (163, Cb, V, Ta, Cr,
and W (9).
The tempernture at which a maximum
is observed in a plot of eveles to failure
iby fatigue) vs. test tempernture: steel
(17), Mo £18).

(¢} The ductile-brittle transition tempers-
ture; V', Ch, Tu, Cr. Mo, and W (19},

Strain aging, which can be measured by ob-

serving chenges in the {ollowing jroperties

duning aging after plastic deformztion:

(a) Haidness; steel (1).

{b) Yield point retumn: steel (20, this work),
Cb (3, this work).
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(c) Electrical resistivity; iron (21, 22),

{(d) Notched bar impact strength;steel (23).

(e) Internal friction; iror (24, 25), Mo (26).

(f) Dynamic modulus; steel, (‘h (this
work).

The most widely accepted explanation of the
mechanism of dislocation-interstitial interaction
is based upon the classical papers of Cottrell (27),
and Nabarro (28), and the later enlargement by
Cottrell and Bilby (29). In essence the theory
states that the stresses around a dislocation may
be relieved by the migration of solute atoms to the
vicinity of the dislocation. The “atmosphere”
forined then pins the disiceation until a suffcient
driving force (e.g. applied stress) is « erted to
break the dislocation free. The concept of strain
aging arises from the fact that aging after plastic
deformation allows the solute atoms to diffuse to
the unpinned dislocations, thereby relocking
them.

It is well known that carbon, and nitrogen are
capable of causing dislocation pinning in a-iron
and steel.  Rogers (30, 31) has shown. in addition,
that hydrogen can cause dislocation locking in
steel at low temperatures and in the absance of
carbon and nitrogen. However, no thorough in-
vestigations have been made to determine which
interstitial clements are responsible for the strain
aging behavior in the refractory metals. Begley
(3) has obtained preliminary data from yield point
roturn studies which indicate that oxygen may be
responsible in (b, and Loomis and Carlson (2)
have observed that hydrogen is more effective than
€', (), or N in raising the ductile-brittle transition
temperature of vanadium. Maringer and
Schwope (26) have postulated that strain aging
i Mo is due to carbon. However the activation
energy for strain aging, (15,600/cal/mole), does
not agree with the activation energy for the dif-
fusion of carbon in Mo (Q=33,400 cal/mole, Ref.
32).

It has therefore been the objective of this pro-
gran to investigate quantatively the strain aging
behavior of columbium, in order o determine
which interstitial slement (#) can cause dislocation
locking. The technique of n-easuring yield point
return as a functicn of aging time and te: perature
has previously been used to study strain aging (3,
20). To the authors knowledge, dynami modulus
measurcinenta have not previously been used to
ticasure strain aging, although workers at Brown
University (33) have used this method to examine
changes after deformation of Al and Cu.




MATERIAL

The arc melted columbium used in this investi-
gatiorn: was procurred fromn Fansteel Motallyrgical
Corp. in the form of 14 ineh dizimeter recrystallized
rod, having a very fine grain si..c of approximately
700 grains per sq. mm. The chemical analysis of
the as-received maten.] is shown in Table I.

TaBLE 1.--Chrmical analyses of maieriais, weight percent

' n ! ¢ o ' a

Material i
I
1 i ! |
Comm. arc cast | | :
Cboooao... <0.0010 <<0.0050 : 0.0117 , 0. 0049
HydrogenatedCh_ 0.0779 '.____ ... " 0.0848 | g o.u.?m
[+ R R i 0.007

1020 steel ... ......... 0.21

Hydrogenation of the are melted (‘b was accomp-
lished by annealing in a dry hydrozen atmosphere
for 7 br. at 630° (. This annealing treatiment
was sufficient to cause a hyvdride second plase to
formn throughout the matenial. The analysis in
Table I shows that the treatinent raised the hydro-
gen content from less than 10 ppm to 779 ppm.

The ¥ inch dia. 1020 steel rod, which was used
to evaluate the feasibility of the experimental
techniques, was annealed for 3 hours at 700° (*
in air wnd furnace couied prior to specimen prepara-
ton.

EXPERIMENTAL PROCEDURE

Yield Point Return: Experiments using vield
point theasureszients vere perforimed on 1020 steel
and ss-received (b, The tensile sanples were
3% inches long with a | inch gage length aml a page
diameter of 0.215 inch. All tensile terts were
made on a “hard” Baldwin-Emery SR~ Testing
Machine, Model FGT, using » constant struin
rate of 0.003 in in min, the load-strain curves being
recorded autographically. .\ temperatureof —78°¢
(' was used (or testing the 1020 steel, and o
test temperature of --50° (* was selected for the
columbiunm expetimenta in arder 10 more closely
duplicate the test conditions used by Begley (3).
The low temperature testing not only promoted
the yield point drop, but minimized interstitial
diffusion duning testing and dunng the titne 't took
tu traneler the sampie from the test machine to the
aping environment. Aging belween roomn temper-
sture and 94° (" was aconinplished in a water bath
with s tempersture control of +035° (C. A\t
highe: temperatures (to 260° (). aging was pei-

2250 T T
e
200 | L.. .,
(7)) (v)
2 1759 1 L
3 2250
2000 4 F ]
{es 4)
175C 1
0.002 0.004 3.0% 3.00..

Strain, in/ia

Fiivre 1. Load-<train curves for one sample of com-
mercial arc melteé Cb, tested at - 50° C and a strain
rate of U.005 min.-'. Critieal aging timc taken as 4 min.

() Initial loading (b) Immediate reloading

D,=0.21582" D,=0.2125"
e Aged 260° C, 3 min. (d) Aged 260° C, 4 min.
D,=02125" D,=0.2120"

formed in a Precision Scientific Co. furnace, with
a temperature control of +2° C.

Initial plastic straining of specimens (to about
1% strain) resulted in the characteristic upper and
lower yield points, the upper yield point beiug
that stress required o break an ‘‘avalanche” of
dislocations free from their pinning atmosphbere,
and the lower yield point being the strees required
to :naintain the motion of the dislocations ia their
dip plancs once they had been torm free. Im-
mediate rolomding produced losd-strain curves
which exhibited no yield drop. The samples were
then repeatedly strained und aged until the time
at which the yield drop just barely returned was
detenuined. A load drop of approximately 20
pound. (sbout 550 pei) was srbitrurily selected as
being evidence of the yield point return. Figure
1 diustrates o typical serics of load atrain curves
1 the region of the yield point for s sample of Cb
aged at 260° (.

Five samples of steel, and four samples of s
rearived columbium were tested, and critical lim o
ol aging as a function of temperature were found
to be: steel, 23° (. 435 min; 36° C, 70 mu;
50* C, 13 min; 61° (, $.3 mun; W° , 0.17 min;
onlumbium, 121° C, 145 min; 149° C, 30 min;
204° C. 12 min; 260° (', 4 min. The temperature
depeedence of the rale ol | lmd paint roturs was
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FiGURE 2. Arrhenius plots of yield point return strain
aging data for commercial Cb and 1020 steel.

found to be adequately expressed by an Arrhenius-
type rate equation of the form:

rate=A¢™ 9T (Eq 1)
where A ={reqitancy facior, Q=activation energy,
R=gas constant, and T=absolute temperature.
The data is plotted in figure 2 as the natural
logarithm of the rate of yield point return versus
reciprocal absolute temperature. The results of
Begley are also shown for comparison purposes.
An activation energy of 22,700 cal/mole was
determined for the strain aging of 1020 steel, and &
value of 10,500 cal/mole was determined for
columbium. The value for steel is in reasonable
agreement with the activation energy for the diffu-

sion of C in a-Fe (Q=20,100 cal/mole, see Table
II). The activation energy for strain aging of Cb
is considerably lower than values for the diffusicn
of C, 0, and N in Cb (see Table I1), but is in good
agreement with the @ value for the diffusicn of
hydrogen in Cb (Albrecht, et al. (35) give @
(I in Cb) as 9,370 cal/mole). It is therefore
reasonable to conclude that hydrogen can be re-
sponsible for strain aging in columbium.

Dynamic Modulus: In order to further validate
the thesis that hydrogen can cause dislocation
locking in Cb, sampler of as-received columbivm
and hydrogen charged columbium were tested
using dynamic modulus a4 8 means of measuring
strain aging. The feasibility and accuracy of
this technique was first evaluated by tests on
1020 steel.

Dynamic moduli of the various specimens were
calculated from resonant frequency measurements,
a free-free beam technique being used to determine
resonant frequency. A tronsverse sonic wave
was propogs‘ed the length of a sample, having
nominal dimensions of 3" x¥x¥%’, the Y
dimension being in the plane of vibration. All
resonant frequency measurements were made at
room temperature, the temperature of the room
being controlled to about +1° C. An E-Scope
Sonic Analyser wes used to excite the specimen,
and the pick-up was transmitted directly to a
Berkeley Eput Meter where the resonant frequency
was counted in cyclea per second.

The dynamic modulus of elasticity was cal-
~ulated using the following relationship:

E=CWF} (Eq. 2)
where E=modulus in psi, F,=resonant frequency
in cps, W=weight of spacimen in pounds and

TanLy H.—Summary of diffusion dala for interstitials in columbium and iron

Base metal Difusing element D,, cmi/sec Q, cal/mole Rel.

0. 0147 27,600 | Ang (36)
ggl':::gg:ﬁ 0. 00407 34,900 | Klopp et al. 37)
Columbium._ . 0.014 26, 600 | Powers and Doyle (i8)
Colymblum. .. .........] Owgen . .. . o fooiicienaaoon 22,000 | Marx et al. (39)
Columbium 0. 098 38,500 | Ang (36)
Columbium_._......... _.] Nitrogen. . ... ... ... 0. 0073 34, 800 | Powers and Doyle (10)
Columblum. ............. ttrogen . . ... .. ... 0. 061 38, 800 | Albrecht und Goode (41)
Uolumbium .. .... ....... Nitrogen. .....cooooaieefoeriiiaaaaas 38, 700 | Marx et al. (39)
Columbium ... ........... Carbon........... ... 0. 0046 33, 600 | Powers and Doyle (40)
Columbium.. .. ........ Carbon  ....ooiooonn- 0.018 27,000 | Wert (42)
Columblum_ .. _......... Hydrogen............-.- 0.0215 9, 370 | Albrecht et al. (33)
T - PO Carbon . 0.03 20, 100 | Wert (43)
tron Nitrogen 0. 003 18,200 | Wert (42)
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( ;vzgi‘:”_.)fgg_,l_‘_z, L b, and ¢, being respectively
the length, width, and thickness in inches. The
term T is a correction factor given by T=¢(,
K/L), where ¢ designates o l:nction, »=-Poisson’s
ratio, and K=radius of gyrition=0.298 t for
a prism. The values of T were determined with
the aid of Ref. 34, in -hich T is plotted versus
KL for various v s of ».

Plastic deforinaiion was achieved by compress-
ing the samples in the ¥ inch direction, using a
head travel rate of 0.005 in‘min, i.e. approximate
strain rate of 0.02 in/in/min. The as-received
Ch and 1020 steel were compressed 3 per-ent,
but the hydrogenated Cb was deformed only
2 percent, since the charging treatment was
found to cause considerable embrittlement.

The dynamic modulus was determimned before
deformation, immediately after deformation, and
after various times of aging at temperatures from
24° C to0 99° C. All aging was done in a constani
temperature water bath. It was found that
plastic deformation decreased the modulus of

s rather sporadic effect on the modulus of (he
i.ydrogenated Cb, sometimes slightly raising it
ubove the unstraied value and other tines
slightly lowering it. This erratic behavior is
probably sssociated with the presence of the

Tasrz (Il.—Data for commercial columbium, hydrogenated
columbium, and 1020 sleel, showing the effects of deforma-
tion 1nd subsequent aging on the dyramic modulus. All
modulus meusurements made al room lemperafure

!E., mod, 'Eg, max.
E’, mod, imisaed. re~
of unde-! after |covered | Aging
Material formed | defor- | mod. |temp.,
spec. | mation |(at aging; °C.
(1o~* @10~* | peak)
psi) pei) (10*

pei) |
Comm. Cb__..___.__ 15. 861 | 15.764 | 15. 854 24
Comm. Cb__..._..__ 16. 053 | 16. 033 | 16. 092 37
Comm. Co......_._. 15. 997 1 15. 727 | 15. 798 53
Comm, Cb__..___.._ 16.002 | 15. 878 | 15 954 73
Comm. Cb._......_. 15.935 | 15. 638 | 15, 687 94

Hydrogenated Cb.___} 13. 839 | 15.024 | 15, 949 24
Hydrogenated Cb__..i i4. 857 | 15.232 ; 16. 234 53
Hydrogenated Cb__._| *5.607 | 15. 100 | 16. 059 73
Hydrogenated Cb._..| 13. 446 | 14. 817 | 16. 338 04

. . 1020 steel ... ... . 30. 719 | 30.221 | 30. 409 24
steel by about 0.3—0.5X10° psi. A similar de-  1g29 seel .ol 30. 582 | 30.267 | 30. 391 29
— ¢ nai v/ 1020 steed . oo..... 30. 614 | 30.209 | 30.341 35
crease 9! about 0.1 : 0.3 X10°% psi v/8 noted fpr tl'le 1050 oregi-==ommmeee- 704 | 30308 | 50508 P
as-received columbium, the modulus lowering in 1020 steel........... 30. 603 | 30,137 | 30. 248 55
i - to « eatine free dislo- 1020 steel ... .. 30. 688 | 30390 | 30. 611 66
bot.h cases being &tml_)u‘?d o eating free di 1020 steel 21T 30, 688 | 30,374 | 30. 497 79
cations, both by unpinning lorked ones and by 1020 steel ... .. 30. 641 | 30,335 | 30, 478 99
generating fresh ones. FPlastic deformation caused
T T 111107 T 1 T Irrry T T T v 7T T T T TTrTIT T 1 T ITT117
%
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Fiaursa 3. Recovery of dynamic modulus of 1020 steel as a function of aging time and temperature after 3% deforma-
tion by compression. All modulus measurements at room temperature.

145




IEERE — 1. T T TTTIT T 1 T 11717 | R L
0.0} -
.4
- S '\2\4"6 -
?9 I / \‘o\-
: 2 P
4 I -
£
: 4
8 0,05} _
H
2 | .
§
- =
0 Lo bttt L1 114111 L1 L alllt L1 1iin
0.1 1 10 100 1000

Aging Time, Min.

FiGURE 4. Recovery of dynamic modulus of as-received commercial Cb as s function of aging time and temperature,

after 3 percent deformation by compression.

brittle second phase of columbium hydride. The
values of E’, the undeformed modulus and E,, the
modulus immediately after deformation, are listed
in Table III for all three materials tested.

Aging after deformation was found to increase
the modulus above that of the freshly deformed
materisl, the rate of recovery being faster, the
higher the aging temperature. The modulus re-
covery is defined as AE=FE\—E, where E, is the
modulus after aging time f. The moduli re-
coverics a3 a function of aging time and tempera-
ture are illustrated in Figures 3, 4, and 5 for 1020
steel, as-received Cb, and hydrogenated Cb
respectively. In each case it is noted that an
aging peak is present. The moduli values at the
aging peaks, E,, are given in Table III. It is
notad in Table III that for 1020 ateel the maximum
modulus increase due to aging (i.e. at the aging
peak) is about 30 to 50 percent of the total decrease
caused by deformeation, and in the case of as-
received columbium, aging causes 20 to 100 percent
recovery. The hydrogenated Cb again behaves
unusuelly, the degree of modulus recovery being
more than an order of magnitude greater than that
of the steel or as-received Cb.

'The temperature dependence of the modulus
recovery rate was found to be satisfactorily ex-
pressed by an Arrhenius-type rate equation. Fig.
6 shows Arrhenius plots for 1020 steel, at iso-
modulus recovery values of AE=0.10X10° psi
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All modulus measurements at room temperature.

and 0.05X10° psi, as taken from Figure 3. The
calculated activation energy of 21,000-21,700
cal/mole is in excellent agreement with the activa-
tion energy for the diffusion oi carbon in iron.
Similar plots for as-received and hydrogen charged
Cb are shown in Figure 7. The activation
energies for the strain aging process being 7,830-
8,280 cal/mole, as received Cb; and 8,080-9,920
cal/mole, hydrogenated Cb. Thesa values are in
close agreement with the value of 9,370 cal/mole
for hydrogen diffusion in Cb. The frequency
factor, A, in the rate equation was calculated for
as-received Cb and hydregenated Cb from the
Arrhenius plots for E=0.050X10* psi. More
than a fourfold increase in the value of A was
caused by the hyirogen charging treatment:
ss-received, A=>59X10' min~!; hydrogen an-
nealed, A=27.5X10* min~'.

DISCUSSION

The investigations on 1020 steel, using yield
point return and dynamic modulus measvrements,
have shown that these techniques are satisfactory
methods for studying the kinetics of the strain
aging process. The close agreement between the
activation energies for strain aging of steel, and
that for the diffusion of carbon in iron, leave little
doubt us to the applicability of the experimental
approach.
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The disagreement between the vield point
strain aging work on as-received Ch and the
carlier work of Begley (3). (see Fig. 2) might be
related to differences in metallurgical varinbles
such as material composition or grain size; or to
test variables such as difference in strain rate
The analysis given by DBegley is: 0.003-0.004
percent oxygen, 0.002-0.008 percenl nitrogen,
and 0.024-0.068 percent earbun.  The materie!
used in this work had a higher oxypen cuntent
and u lower curbon content (see Table 1), The
grain size of Begley's material was tmuch coarser,
approximately 250 grains‘mm?, as compared to
about 700 grains‘mm? for this woark; and the

All moduius measurements at room temperatumy.

strain rate considerably greater than that used in
the present investigations (e=0.08/min, Begiey;
«=0.005/min, this work). {t is hard to visualize,
Low ver, how any of these differences could result
in u different ectivation enerxy for strain aging.
The dircrepancy can be rationslized, however, Ly
elininating one point frorx Begley's Arrheaius
plot {see Jottad curve i Fig. 20, If o straght
line is drawn through the two lower pointa, it is
seen that the slope is simoet identical 1o that
detenmined in this work. From sxaminstion of
Begley’s data it woulkd sappear that the neglect d
point was the one dotermined with the loast

degree of precimon,

Wi
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An interesting feature reverled in the dynamic
modulus strain aging studies s that for all three
matenials, the sirain aging cutves exhibit a mani-
mum, or agirz peek. A plausible explanation for
this phenomenan can be given using conclumons
drawn by Thonas and leek (23) from thes
internal frictinn sirain aping investigations of
alphe-iron. These workers have shown that the
number of carbon or nitrogen atoms atirected to
a dislacation in e~sron excseds the molubility limat
it the lattice surrounding the dloration, thervhy
rosulting in the formation of amall coherent
srecipitates  ground the dulacation. 1l these

precipitates contnbute t« the atmosphere pinning
143

action, then the aging peaks may pomibly be dve
to coaleacence of the precipitates ss & result of
“over-aging”. Since the mean-free-path between
particles increascs, the pinning contribution of the
precipitates decrvases, and the modulus decresars
sfier resching & waximum degres of recovery.
Disiocation Denntier The dynamic modulue
strain aging data has heet treated to al'ow calcu-
lation of ditocation denmties of the defunmed and
aged materials uliliting the Cotirell-R thy equa.
tUon (Ref. 20). The ' B snalyss relates the
traction, /. of molule which has mizrated to
dmlocations during aging after deformation to the

aging tims ¢ (smc.) and lemperature T (°K) by

-1
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Frovaz 7. Arrhenius plots of dynamic modulus strain

aging data for as-received coinmercial Ch and hydro-
genated Cb.

the following equative:
J=a() N, =ar(ADETY?_(Eq. 3)

where n(t) is the number of solute atoms per unit
volume of material that have migrated to the
dislocations, .\, is the solute concentration at
t=0, \ is the dislccation density in lines'cm?,
k w Boltmann's constant=1.38X10"" dyne em/
*K. a is & numerical constant equal to 3(»2)'?,
D=the diffusity of solute in base metal in cm?;sec
at temperature T, and .1 is » constant depending
on the s'ruin introduced iata the lattice by a
solute atem and has unite of dyne cm*.

Equation (3) is not valid for the latter stages
of aging. since the firsl atoms to arrive at the
dislocation are more effective in pinning than
sloms arriving after longer aging timea. How-
ever Harper (24) has proposed a simple generuli-
tation to fit the latter stages. By sssuming that
the rate of migration is decreased in Hroportion
iv the amount alresdy segregated, the equation
poverning precipitation i then:

fo 1t ~exp|— aMADUETY) (Fq. 4)
{1 —N— —aMADUETY (Eq. 5}

Eq. (4) reduces to Eq. ‘3) when the exponent is
small.

Determination of the constant “A’" requires
soice consideraiion. Cattrell and Bilby estimated
“A” to be 3.0X107® dyne cm! using lattice
parameter n.2asurenients on martensite, as re-
ported by Lepson snd Parker (44). Since no
experimental data is available regarding the
effect of hydrogen on the lattice parameter of Ch,
a special theoretical treatment (see Appendix)
was neceasary o determine “A” for the case of
Hin Cb. The value so determined is 1.4 X10~®
dyne ¢m?®. Now by inserting the constants in
Eq. (3), the following relationshipa ure determined:

Cin a—Fe In(1—)=—12.6 X10"* \(IX/T)*?
(Eq. 6)
Fin Caln(1—f)=—7.5X10"2 \(Dt/T)*?

(Eq. 7)

Therefore if In (I--f) is slotted versus (D¢/T)*?,
it is posible to evaluate the dislocation density,
), from the alope.

Such plota ave shown ir Figure 8 for - 1-received
Cb and hydrogen charged Cb, the measure of f
being taken as (E,—E)/(E.—E,), or AE/AE
max. The calculated dslocation densities are:
2.5X107 lines;cm? for as received Cb compreased
3 percent. and 1.4X10° lines/em*® for hydrogen
annealed Cb compressed 2 praveni. .\ aimilar
technique yielded a decasity of 810" lines/em?
for the 1020 steel (compressed 3 percent). The
dislocation densitien are summarized in Table
IV. together with vulues of A determined by other
workers [rom strain aging studies on steel. The
density fcr 1020 steel is seen to be in reasonuble
sgreeiient with the results of previous investiga-
tions. The values of A or Cb might appesr
sotmewhat lower than expected. Hewever, th -
low dislocation dentities are not too unusual, wh
it is tovalled that columbium work hardens rels-
tivey alightly as compared to steel. Since the
degree of work hardening is propurtional, in pert.
to the dislocstion density, a lower density for a
given amount of deformation would correspond to
a smaller work hardening capacity.

Hydrogen Embritlemeit: As reported cerlier it
wae notieed in the dynamic imodulus strain aging
studies that the hydrogen charging treatment of
850° (. 7 hr. caused nevere embrittloment. In
order to evaluate the degree of embnttlement,
one tensle sample of (b, which had been charged
us sbore, was testud in tension sl room tempers-
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Dislocation densities of as-received commercial Cb and hyvdrogenated Ch, using Harper's modification of

the Cottrell-Bilbv eyuation.

ture and a strain rate of 0.065 min~'.  The sample
fractured in A brittle fasiion, presumably along
the {100} cleavage planes, (45). A photograph
of the fracture surface is shown in Figure 9 to-
gether with a ductile fracture obtained by testing
a picce of as-received Cb under the same condi-
tions of temperature and strsin rate. The trud
fracture stress, defined as load at {racture divided
by cross- :ctionul area at fracture, was greaily
lowered by the hyvdrogen treatinent. The duc-
tility v also tremendously decreased, the GRA
being lowered from (9 to avout 2 parcent
Microstructures of the as-received (b and the
hydropenated Ch are shown in Figures 10 and 11
respectively, the latter micrograph being taken
near the brittle fracture arca shown in Figure 9.
The hydrogen charging treatment is seen to have
introduced a large amount of hyvdride second
phase. The embrittling cfect of the hydrde 2
seen in Figure 11 by the trunsgranular cleavage
crack. It ix evident that nydrogen charging (*b
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to the point of forming an internal hydnde causes
great embrittlen nt. However it still remains to
be shown whetiier or not relatively large amounts
of | ydrogen in solid solution can causs a similer
embrittling effect.

C/INCLUSIONS

1. Yield point return and dynamic modulus
measureienta have been shown to be satisfactory
techniques for studving the strain aging of steel
aad columbiun.

2. The activation cnergies calculsted for strair
aging of both as-received commervial are melted
Cb and hydrogenated ¢'b were found ‘o be in
close agreemeat with the activation energy for
the diffusion of hydiogen in Ch. It is therorr
concluded that hydrogen is the interstiyal element
reapansibie for strain aging in columbinm

3. Harpt's modification of the Colaell-Bilby
“£7 eqaation’ has been setisfactazils apalied to
dunaric niodulus strain aging dats, allov ‘ng




Tanws IV, —Dislocotion ‘ens:ties in deformed Columbium and iron, determined from applicaiion of Collrell-Bilb; equation .o
alrain aging measurements

o | |

Per- |

! Composition l Lislocation |
Material Meansof | Method of meas. | cent . densit | Ref.
stenining *train aging l-etrnin i | o ’ linesjem? |
R o e g !
{ ; t ' | | , ' -
Comm. (b CComp ssion L Dypamie modulus | 3 0,001 | 0.005 | 0, 0049 "25X107 | This work.
Hydrogenated Ch - Compression Dynamic medulus © 2 0. 0779 . .. 00846 L Aax | This work.
920 steel .. Compression . Dynumie modulus - 3| 0.21 0007 ; 810" | Thix work.
BLS.R.A, Fe . Tension . nternatl friction 7T . S 0018 | 7.7XI0® | Thomas and
o | 1 " Leak (25).
HLS.RA. Fe.. . Tension. Intemal friction. .{ 7 | . .. [ 0.w3 .. 1 G BX 10" '
RIS R.A. Fe . . Tension. Interial friction 7. [0.0098 | S OX 10
BIS.R.A. Fe . Tension Internal friction 1 7 i 0. 0088 ' 40X 10e
Puron Fe. . Tension . Iuternal frietion 5 oo . L. 86X 10 Harper (24).
Puron Fe . . Teusion . Internal friction - 10 0.009 L2 46X 100
Puren Fe. . Tension . . Intereal friction 15 0013 | . . AT 5
Fe .. . Tension. . . Flectrienl rexis- +3 L0013 . 0.82%x10» Dahi and
. tivity. | ) Lucke
| . ) ; ! : (22).
Fe ... . .| Tension. . - Elect: cal resis. 51 0018 | oL 8TX 10w
i tivity. ! | : i . )
Fe_.. . Temsion. . . | Blasriestemsiv | 5% . o018 ’ L. 085K 10
tivity. '
Fe.. . . .., Red. by . Electrioa! resis- 8 ©0.07 ' 0. 004 7X10% | Cottrell and
drawing. tivity. ' 6 10n | urch~
: ' . . ! i mae (21).
Fe. . Red. vy Electrical resis- 23 4007 i 0004 8X 10 |
drswing. tivii e, ! ; X100 !
Fe.. . . . Red, by  Electrica! resis- 42 00T | 0.004 X 10
| drawine. tivity, f | ! X100
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Tested at 24° ©  .nd a strain rute of 0.003 min-'. Prop- g - =Y . . ty
ortioe linted bew . TX.
As-Rec. Hypd. Aan. Fra ag 16, Mic- astrocture of se-reerived commercial arc
Property (g 3 ty molted Cb, HF-HNO, Bich, 100X
Hydrogea _ontent. npm .. 10 ™ ) ) ) o .
Proportoral Lt pe 31, 700 1800 detornination of dulocation densitics. The die-
Ultimete tems. sirous, poi 2100 R0 egton denaity calculated for 1020 steel s 1.
;‘*&'- Fract. ure- e :tg :t: rvasonable agrvement with data from the hiters.
.,,{; a- ,:m' . _ e 23 ture. The relatively low donsities determuned for
SRA e e ™ 1.7  columbiuta can be rationalized by recaling that
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Fraras 11, Microstructure near fracture of CB sumpt
hvdrogen annealed 630° €', 7 lu., tewsile tested at 23°
C -nd a strrin rate of 0.OBS min~'.  Note transgranular
cracks and hydridh second phase, HF-HNO, Eich,
SOON.

this material displays compantively wnall work
hardening tendencies.

4. Hydrogen charging columbium to the point
of forming an internal hydnde second phase has
been shown to cause severe embritilement. It
still remaing (o he showi whether or not appvet-
ahle amounts of tvdrogen in solid solution will
exert a similar effect.
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APPENDIX

Calculation of \, a constant in the Cotirell-Bilhy
equalion, which depends on the strain introduces
into the lattice dy a wolute atom

The relationship defining .| lias heen given in
Ref. 29 as:

Gd 14»
A—AV :}; . T—» Eq (l\)

where AV” is the volume change caused by intro-
duction of ar interstitial atom into the solute
lattice, G is the ri;idity modulus, » is Poisson's
ratio, and d is the distance of closest approach of
the solvent atoms.

The determination of AV in the case of carbon
in iron is based on lattice parameter measurements
of martensite by Lepson and Parker (44), and the
value given by Cottrell and Bilby is AV
=0.78 X10"" cm?.

In other interstitial --BUU systems, where
experimental lattice parameter data are not
availuble, it is useful to visualize a inodel where
the interstitial atoms occupy face-center or edge
center sites in the solvent lattive, as shown in
Figure a. The spherical volunie around one
interstitial site in the lattice, 1, (see Fig. b) is
increased to 17, by inseting the interstitiz]l stom
in the site (see Fig. ¢). The reulting volume
change AV -1, — 17, is given by:

AV=43e(r*—r,2)

Eq. (b)

where :,=0.,2, and riwa,2=(d+1)2. The
terms 7, and 7, ure the radii of the undistarted and
the Jdistorted apherical volumes respectively, o, is
the indistorted Iattice parameter, d is the atomic
diameter of the solvent, and r s the atomic
diameter of the interstitial sclute.
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FicTre a. Interstitial  positions
shown schematically in BCC
inttice.

Fiutax b. (100; Plane without inter-
stitial atom.

~ s

-—
FiataE c. (100) Plane with one inter-
stitial atom at %,0,0 site.

Inserting these terms in Eq. (b) gives:
AV=1/6 [(d+2)'—a.} Eq. (c)

By inserting .he appropriate values of d, z, and a,
fur the Fe—C and Cb-H systers, values of AV are
determined to be: AV=1.87X10"2 c¢m? for C in
Fe, and AV=0.55X10"® cm?® for H in Cb.

It is noted that the calculated AV due to C in
Feis larger by a factor of two than that determined
from experimental data. The error decreases con-
siderably, however, when the distortion is less,
since the decrement of distortion entars as a cubed
terin. [t is therefore felt that the value of AV for
H in Cb ia in error by lees than a factor of two.

The value of “A” for H in Cb, from Eq. (a) is
determined to be 1.4 X10-" dyne cm®, using values
of G=375X10" dynefem?!, d=2.85%10"* em,
and »=0.38.
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The Effect of Gravity on Free Convection Heat
Transfer

The Feasibility of Using an Electromagnetic Body Force

D. A. KIRK

ABSTRACT—Theories concerning the instability and motion of a
fluid heated from below predict the effect of varivus physical
parameters. Experimental investigations have succeeded in widely
varying all parameters, except gravity, in order to determine the
walidity of the theories. In extra-terrestrial heat transfer applica-
tions, such as in free convection, bozhng, and condensation, the
effect of g avity shou'd he verified by experiment.

This report considers the feasabduv of using an impressed
electromagnetic body force acting parallel to the earth’s gravita-
tional field. The nesultam of this electromagnetic force and the
ground leved gravitational force is said to be an *‘equivalent gravita-
tional” force acting on the fluid mass. Based on the analysis
made, a series of experiments can be performed to ascertain the
quantitative contribution of gravity, over the range from —13.6
to 15.6 times ground level gravity, on free convection heat transfer.
An apparatus is presently being fabricated to conduct an experi-
ment for the case when heat is applied from below.

and is presently being fabricated tv conduct such
experiments. Figure 1 shews a  preliminary
schematic of the test cell as designed by the
University of Dayton Research Institute.

INTRODUCTION

This report considers the feasibility of using
an electromagnetic body forre to act in the plane
which the earth's gravitational body force acts
on a liquid mass. This electromagretic body
force will be induced by passing a horizontal
electric current through a conducting liquid
medium in the presence of & horizontal magnetic
field which is perpendicular to the impressed
electric current. The net force acting can be
considered as the number »f “gruvities” ncting
on a system. An apparatus has been designed

The svatem to be investigated is freo convection
heat transfer in liquids confined by two horizontal
plates and heated from below. By varying the
resultant body force by electromagnetic means
the convective force for heat traunsfer can be
varied without changing the temperature gradient
or the liquid's properties of mass density and
thermal ¢xpansion coefficient. 'The possible range
of —13.6 to 15.6 “gravities” will enable experi-
:nents to be conducted under conditions heretofore
impossible.
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Sources of errors ard the interfeiing effects
of the impressed magnetir ind electric fields are
analyzed. Necessary iatroductory theor: of
Maxwell's field equations and free convective
heat transfer are given to more easily interpret
the analysis section of this report.

Except where specific. 'ly noted, the rationalized
meter-kilogram-second (MKS) system will be
ue2d throughout.

Section 2.
THEORY

A. Electric and Magnetic Field»

The purpose of this section is to show briefly
the soutce nnd mearing of Maxwell's equations.
For a more complete Jdovelopment of the field
cquations the reader is referred to the many
appropriate texts available by authors such as
Benrett and Crothers (1926), Page and Adams
(1840), Siater and Frank (1847), Weher (1950),
and boast (1956).

Electromagnetic theory desls with the forces
acting on charges and current. An electric
charge st a given point in space is acted un by two
types of forces: an electric force independent vl
velocity, and & mugnetic force propurtions! to its
velocity. Different charges at the same point in
space are acted on by different amounts of force,
and the strength of the charge is defined as being
proportional to the magnitude of farce acting on
it in a given field. Coulomb’s Law states that the
force on a point chargs, Q. in an electrical field of

iniensity, E, is
F=0F m

This electric field intensity can be thought of as
being caused hy snother point charge, Q). at »
distance r apart fram Q. Thus E can be defined as

- %— ?"; i)

For a charge, Q. moving in a muagnetic field of flux
densit,, 1, Anipere’s force law states

| TN i

The scalar potential, ¢,. may be defined from
Coulamb’s Law by considering the work required
10 car-y the charge Q from infinity to & vistance r

awsy from a charge @,. Thus

W[ =Fel_Q f FF @,
=), T T ). T F e W

Taking the gr-dient of equation (4) the following
is found

Ve, = 42"';,=—Ff (5)

The force induced by motion in a static magnetic
field (equation 3) does rot affect the potential
ulong the path of the charge, since

!-'.'a . - r r —— .
~=y f_(?xB)-dF=f.(vaxm B=0 &

For conduction of charges in metals a general-
izl Ohm's Law may be derived from & simple
foree bulance. In metals, the restoring force on
electrons is n-gligible and at low eleciric field
frequencies electmn inertia can also be neglected.
The tota! ficld force given by equations (2) and
(3) is in equilibrium with the damnine farce whick
is wssumed te be proportional to the velocity of
the electron. Thua,

T‘|=T.+.F.=Q‘(E+;,X§)ﬂljﬁ, (7)

I n,f,

o—.-(E‘H.x'E')-—Q— a,

where m, 8 the eleclron’s mam end o, 8 the
damping coustant of proportionality. U N, is
the number of conducling electrons per umit
volume, the current dens'y is

- ..o.- NQ¥ - - -
)"‘\090'0-_:%' (b+'-xm-dt+'ox}) (3)

where ¢ is the metal’s conductivity or Lhe propor-
tivnality constant of Ohm’s Law.

Fanday's Law of induction is besically the
same as Ampere's force law, snce the former
referz to magnetic feld changes and fixed chargen
while the latler refers 10 & fixed maguetic Bold
and moving charges. To see the similanity in
thase two laws equation (3) ¥ writlen in 2 mon
general manner

7.

dFxB) & Fy3

@:-E- »»r--‘-‘-yﬁﬁx-&- 9}




Fiovas 2.

whm ¥ is o general position vector of the charge
u:d 3 w 7 is the charge’s velucity. Forastlationary
ustion (9) gives one jurm of Faraday's

lu of induction,
E-?x(g)' (10)

A more common form is found by considening a
positive increase in the scalar electrical potentisl
slong the line elemment, do, 82 shown in Figire 2.

do=F. ('-(r.x :) Gimlixn)- 38 )

The element of ares, -—lfmﬂ.\'? ss shown in

‘me 2. s :omnlly usrd to give the integrul
orm

fraf@s  w

PART OF THE CLOSED LOOP OVER
WRICH THE LINE INTEGRAL OF
EQUATION 12 WAS TAKEN

Geome'ry used for Faraday's law of induction.

where S is any open surface bounded by s closed
curve, 2. By applying Stokes’ theorem to the left
side of equation (12) the differential form iv fouud

IZ‘-Jc- L (oxE).di 03
vxl‘-—g (14)

A changing magnetic flux density has becn
shown to produce an electric field intensity of
rotational charsctor as given by equaon (14)
Ampere, Rowland and Maxwell have shown by
different mcans that the converse is tr:e, ie, 8
changing electric flux density will produce s
magnetic fleld intensity of rotational charscte:.
This constitutes another basic oxperimental rels-
tion bayond those indicated by equations (2) and
(3). Belore this additional law is stated quanti-




tatively, the continuity equation of electric flux
density I and electric current density j will be
developed to establish their interrelationship.

From Coulomb’s law (equation 2) the electric
flux density is defined as

ST _OF '
D=d = ypee (15)
The net cutw:rd flux from an inclosed surface S
containing # number of charges each. some
distance 7 form the differential area d3 is
= T n _'7-_ —
J;D-:IS—";’ i dS (16)

where dS=rrdQ and @ is a solid angle. Simpli-
fying,

-— - L) er"“.‘ n
LD-dS=§:,J; T:;’—'dn=§ Q. an

Applying the divergence theorem to D und assum-

ing a continuous distribution oi charge,
q=@, the continuity of charge equation is
ar
found
fﬁ-d§=’- rv-.ﬁdr=§ Q (18)
$ o -
v-D=y (19

dr is a differential volume contained within the
closed surface 8. Chuarge flow density ¢r can be
thought of as electric current density ) thus

)_'.: qv 200
The total fiux of charge flow leaving a volume r
must equal to rate of decrease of charge contained
within that volume, ussuming that charges are
indestructibiec and uncreatable. In equation form
this can be s.ated a:

J'(qa-(@-—f %‘fd, @)
Applying the divergence theorem to the flux term
{0 -d8= [ (- girs 22)

3 ’

Combining equations (21) and (22) the continuity
of charge flow deneity can be written
A

v-(g9) + =0 (24)

The rate of change of static charge density tern
can be evaluated from equation (19)

- Y7) .
v-(g) +V- W),=° (24)
or
¢(v-2)+5-v¢+v- (%g | =0 (25)

Each term of equation (25) can be thought of as
being the divergence of a different type current
density, namely, conducticr. convection, and dis-
placement, respectively. Thus equation (25)
means that the total current in a specified direc-
tion across any closed surface is at any instant of
time equal to zero. Total current across an open
surface is then defined as sum of the conduction,
convection, and displacement currents.

Maxwell generalized Ampere’'s and Rowland’s
equations into the following law which has since
been experimentally verified: “Work done by =
magnetic force 71 in moving a unit magnetic pole
around any ctosed path s is proportional to the
time rate of increase of flux of electric force
through any open surface bounded by ¢”. Here

, the magnetic force per unit pole, is defined in
the same manner us E, the electric force per
unit charge, was defined in equation (2); however,
in practice the gradient of a scalar potential is
used in speaking of these vector fields as in equa-
tion (5). Thi luw can be stated mathematically

a8
J:H-di=.L(%; -a'S—L(ba—? .45 (6)

when the rationalized MKS system of units is
used, the proportionality constant is defined as
unity, and A has the units of amperes per meter.
Just as the electric permittivity ¢ of an isotropic
medium reiates the flux density to field intensity
in equation (15) the magnetic permeability of &
medium is detined as

B=,R @n

The similarity between equations (13) and (26)
can be seen by substituting (27) into (26). Thus,

J:E-tﬁ = mf.(%—‘i)'dﬁ (28)




Applying Stokev's theorem to B of equation (28)
the differential form is obtained

S Ty T a_'@ -
J‘.B-ds=fs(\, < B) fis_pﬁ(at).,ls
r

|, (0D
‘;(VXB)=(‘G—‘ (29)

0

The right-hand member of equation (29) refers
to the tutal rate of change of the electric flux
density through the open srea dS; thereiore, from
equation (24) and the discussion which follows
equation (29) becomes

A —eY) \
;(VX E)=qr+(—°7 A (30)

By substituting equation (20) into (30) and
onitting thie subseript, & more common fcrm is
obtained, thus

1 - (3D
a (VXB)=J+(-&' (31)

Eqguation (?1) is known as the differential form
of Ampere's law with Maxwell's displacement
current included.

The contimiity equation for magnetic pole
density is arrived at in same manner as the
continuity equation for electric charge density;
except, magnetic poles are assumed Lo occur only
in pairs of north snd south regardiess of how
small a volume considered.  With no net maguetic
pole density Lresent, i.e., no exceas of either norti:
ot south poles, the continuity equation is simply
stated as

v-B=0 (32)

Magnetic flux Jdensitica caused Ly steady electric
currents may be caleulated from the Biot-Savart
law whici can be derived from Ampere's law
uaing Green's solution to Poisson's equatiun By

defining & vector potential A such that
BF=vxd and 0-4:-0 {13)

Then from cquation (11) sssuming no displace-
ment currents

(CXOXA) - — ¢ Rz 34

where the vector potential A satisties Poiewon’s
equation  This equation has already been pie-
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sented in the scalar form by continuity of charge
equation (19) which takes the Poisson form

v-D=—0,=q (35)

where gradient ¢, is defined by equation (5).
From equation (4) the potential d¢, at a peint r
from 1he point charge d@ is

=9Q
“"-4nr (36)
- - . . . . dQ
Combining equations (35) and (36) with =7
e T @an

where ¢, is the potential caused by charge density
distribution ¢, or in general by the distribution
V¢, within the volume r. Combining equations
(34) and 37)

4.-5=._J' Y_’.X.i',‘.f i (38)
. T . r
Taking the curl of the right-hand term
;df A} = N\ = rx3
VXT-Jf L(;) vX)+v (;)X]]-dr [--_-_?]

Here the curl is with respect to G_) only, since

neither ; nor dr dopend on ihe coardinates of the
point of observation where B is evalusted. Thus

vxA=F=2 f Xy, 29
is “he generalized form of the Siot-Savart law.

B. Transport Processes

Maxwell’'s equationa (sqs. 14, 19, 31, and 32)
are relations for reversible processes whie Ohm's
law (eq. B) ia & relstion for an irreversible procass.
In general, all transport processes occur itrevers-
tuly with s resultant sntropy change of the system.
The rate at which all irreversible processss aro
oocurring in s Ziven sysiem is egual to the rete of
entropy production in that system as based on the
fundemental laws of macroscopic physicc  the law
of conservation of mass and energy, the momentum
law and the second law of thermoiynamics.
Prol. R Fiescbi (1954) presents the development
of the theory of irreversible processes and develops
reciprocal relstions employing thw theory for the
cese of gelvenomagoetic and thermomagnetic




phenomena. Before discussing specific transport
processes, which are pertinent to this report,
a briel introduction to the general theory of
irreversible processes will by inade as to the pos-
sible effect of & magnetic field.

Fieschi (1954) has preseated the rate of entropy
production equal to the sum of the products of
quantities J, called “fluxes” (ep., heat flow,
dufusion dow, electric current) and corresponding
quantities X, called "forces” or “sffinities” (e.g.,
temperature gradient, gradient of chemical poten-
tial, electric field intensity). In the most general
case, every flux is caused by the contribution of all
the forces present, for instance, heat flow can be
caused not only by a temperature gradient but
also by an electric current in a magnetic field.
The coefiicients which establish the relationship
between a given type flux J, and another type
force .X\ which produces that flux is called »
“phenomenociogical coefficient” L,, Onsager es-
tablished that L,, was equal to L,, for scalar
processes and deGroot and Mazw, extended
Unsager's theory to include vectorial and tensorial
processes. The numuber of independent phenom-
enolugical coefficients for a process is greatly
reduced as a result of these reciptocal relations.
The end resuit of these relatinns is derived by
Fieechi (1954) for atniuitaneous heat trsns{er and
electric vonduction in uotropic tmetals when a
magnetic field is present. in thie case only nine
i.dependent phenumenclagical coeficients remain
out of s possible 564. Section IVC and IVD
cstunates errors caused by thaae coefficients not
being ero, sinoe ix the equation of motion (83)
pelvaromagnetic and thermomagnetic effects sre
not taken \nta account.

When « apecified type of flux J, is caveed by the
seme type orce of affinity X, varous well known
transport ia™s may be arrived sl assuming the
following rar.arcaconc law holde:

Jr-u:

Thie squation kolds in genersl for the trenaport
of one \you property of enpobeot in &b Wotropsc
medium  The Bux J, can be defined os the
diffusion Bow deomty of & compooeet 1+ with
rrpect ta the cester of grevity motion and
given by the equation

Jc';iﬁl—'a

(40"

Wi

whetv », i its deneity, 7, 38 1ta velocsty and F i
she baiventne veloaty.

The affinity can ke the

gradient of the density of component i or, more
generally, the gradient of the potential of com-
ponent i. In practice the phenomneologica’
coefficient L, is often called the conductivity of
the medium for transporting property i. Sub-
stituting these definitions equation (40) becomes

pi(®—0)=L,ve, (42)

where ¢, is the potential of component i.

Foi a vuriable component i density aud an in-
compressible fluid of mass Censity p the equation
of continnity (23) is

v-(».F.)=—%—:' 43)

v.(,ﬂ:-%f-o or v-#=0 (44)

Takiug the d'vergence of squation (42) allows us
to consider a changing », contained within a
differential volume, thus

V(pf)—V-{ad)=—LT, (45
By equation (44)

v‘(l't;)=qu*3+;"'h=;'V’| (48)

Combining equations (43}, (45), and (46) the
transport sjuation which is applicable to both
the steady and unsteady state of 5, is found

%,

o
where the second term cu the left accounts for
convective Lanaport.  Fot transport occurring o
the element of mase whose barycentric velocity
B 7 the taobile operstor s emphyed which =
defined aa

+¢-Cp= L0 (47)

A= tie (48
Equauon 147) thea becomes
LBEN (o

The above defivation halds true when 5, and
#, wre scalar functions; however, in spocial cases
a mmilar form i srrived at for the tramsport ot
vector propeiica such aa mamentum and mag-
neac flux. Table | sumunerizes the romdt of
spplying squatior (49! 10 Die ‘ransport of edectric
rharge, heat. mess, and indicates an anelogons
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Tamsz 1

Tr port pr app

1o

tu equation (19)

Potential causing the
transport ¢,
I

Property of compouen’
iransported, o,

i

Phenorenological coefficient { Name i law

ot conduetivity, L, |

!
-]
!

3
Eleetric charge density, ¢ | Llectric potential, o,
Hent denaity, oC, T Temperature, T

i
|
|
; nent 4, g,
I
l

t

Electrical conduetivity, ¢ | Ohm i
Thermal conductivity, * | Biot-Fourier

Mast density of compo- | Masn d‘emil_r of compo~ .\lr- transfer diffusivity, | Fiek |
nent .4, », : ) I
Momentum density, 4% Veloeity, © | A!n;lute viscosity, s ! Navier
Magnetic flux density, if , Magnetie fald iute sy, f . Leisieal resimtivity, o? I MaxwellOhm, see eque-
: I tion (77)
|

|

form for the transport of momentum and mag-
netic flux.

C. Smmvitaneous Transport of More Than Oue
Property

When more than one pronerty is transported
relative magnitudes may be obtained by consider-
ing the terms listed in Table 1 as they apply to
equation {49). With the exception of charge
transport like pairs of properties and potentials
can ecasily be converted to the same units. The
resalting coellivient is called the diffusivity which
s the ratio of conductivity to capacity for that
particular process.  Diffusivities of various maten-
als for transporting heat, mass. momentum, and
magnetic flux density are given in Talie 2 in
1'% (MES).  Relative case of transport of one
property comnared 10 another may be found by
simple division. Thus, dimensonless numbers,
sch e the Prandtl number and Lewis number,
sce defined in this manner.

Leaving charge transport out ol these compan-
sons was hecemary bersume of the manner in whirh
the potantial wes onpinally defined. A more
sguificent squation cean be foumd, bowever, by
applying equation (33) to (49, thwe

-

A comparwon heiween liqud metals and nom-
polar Jielectric Auads for the same siectric charge
dennity gives drastically -liffurent discharging retes.
Amupung that the electric permittivity for both
materials to be spororimately the same the follow-
g resalts are obtained

(50)

\%‘7) liquid metal im
(%3) didec&ﬁc ﬂmd.(.'vj

107 w0 10 .
~litw 0 100" GV

Thus, unless exceedingly high voltage grudients
are envonntered in 3 liquid metal sysiem the
electnic charge densily can be aeglected and the
sinupler steady state form of Ohm’s law (oguation
8 or 42) can be applied. For the same rcason
Maxwell's displacement current in equation (31)
can be neglecied and the total current can be
considered o flow in a ciosed circuit just us
magnetic flux hines furm closed cireuita.

In ‘Ul but the more poorly conducting metals,
the electronic contribution to the thermal conduc-
tivity completely overshadows the effect of lattice
vibrations, so that the whole of the heat trans-
ported can be regarded as being carried by the
electrons.  In & metal, therefure, the mime class
of casrer traneports heat and electnic charpe.
The Wiederman-Fring law exprossse the cones-
quont state of proportionality between the thermal
condu-tivity b and the electrical conductivity e,
thag
o Yolis!

Y (£~}

K = Beltunan ges constant
t=d¥ﬂ"!ﬂ lb W’

("es of thw Locenlz number /o has been mede by
Millr end Epsletn Jackson, 1833, p 36, i
analyzing conflicting expensmental values for the

-
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489 Asuming p=pe=4 r (—7).

electrical conductivity of sodium-potassiun alloys.
According to Bosworth (1952) only the transition
metals and bismuth yield Lorentz nunibers
significently different than the theoretical value.

Additional dimensionleas numbers may be found
from the general transport equation by conaidering
pertinent induced forces under steady state con-
ditions. Under this condition equation (47}
becoman

E‘Vp.=L.V‘¢( (53)

For relauively small disturbances the outward
transport, v-¥p,, and the opposing afhinity, L 0%,
may be upprox mated by

4

P-Vp, proportional to v =! (34)

]

LY, proportional to L, P (38)

as far us orders of magnitu'el are concerned,




where d is a characteristic dimension of the
system. When nwomentum is transported, the
outward transport is generally called an inertia
force, f1, assumed ic be opposed only by a viscous
force (no static preasure gradient). Where a
static pressure gradient or other forces exist the
ratio of inertia “rce to viscous force is defined as
being proportional to the Reynolds number which
taken the following form
pAV
( )=Vll

@)

For the transport of heat, which is a scalar quan-
tity. equation (53) completely describes the
general steady state case, so that equations (54)
and (55) are always equal, thus

FY6C,N=kT

flzr'v(pr)

7 ”v,!. =Re (56)

v (A prop. x——

V. prop. 5 (57

This convective velocity 17, produces a frictional
force f,, given by
V.=V,
Jomnveprop or (Z571)  (58)
According to Archunedes’ law the gravitationsl

force or buovancy force acting on the element of
fluid volume at temperature T ia

Te=9o—Tpe=Faea(T.— T 59)
where

—0p . . .
a5t or the coefficiant of volumetnic expansion

T, = mean temperature

When TOT, the fluid element will have & net
buoyant force acting upward which is oppasite to
yravity. For free convection heat transfer be-
twecn two infinits horizontal plates the only force
producing the convective velocity 17, is assumed
to be the buoxancy force f, and the inean velocity
V', is 2er0.  The messure of the instability of such
s layer of fluid would he the ratio of f, o f,, thus
applying equation (57) to (58)

L SO

Rayleigh (1916) originally established this criteric
of thermal instability. An exact solution to this
convection problem is given by Reid and Harris
(1958) which predicts that the critical value of the
Rayleigh number for onset ¢f conveetion is
1707.782. When the operating conditions of size
and temperature cifference are factored out of the
Rayleigh number, the remaining terms are col-
lectively called s convective modulus. Table 3
g.ves values of this convective modulus for various
fluids at different tem.peratures assuming the
gravity to have a value of 9.806 meters/second?.

Another interesting thermal convection parame-
ter may be arrived at by considering the ratio
squared of inertia force to the viscous furce. As
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before, the convective velocity V7, is assumed to
be produced only by the buoyancy force f,. For
the simplest boundary conditions of V,=d=t=0
under a constant acceleration, gad T, the following

is found
12=2(gad T)" 61)

Substituting the sbove ; to the square of equation
\56) the Grashof number is obtained

PAH AL Va gaTd_
(,7.) - prop. [ == | Prop. "3 =0r

(62)

According to Jacok (1949, p. 478), Grocber was the
first to call this quantity the Grashol number.
Thus, the Grashof number may be interpreted as
proportiona' to the square of the Reynolds
number for u convective stream or cell with a
characteristic dimension d.

Section 3.

DEFINITION OF THE PROBLEM

A. Electromagnetic Buoyancy Force

Charge conduction in metals is known to be
carriedd by a continuous cloud of relatively [ree
valence electrons. By assumirg a simple damping
force for electron flow, ax was done in deriving
equation (8), and accounting for motion of the
conducting material » more general conduction
equation mav be derived.  The tuial force, often
called the Lorentz force, on these electrons per
unit volume of space is given as a sum of a
Coulomb's force (equation 1) and a Ampere’s
{erce (equation D), thus

T=NoEri xB (83)
where
N,=unamber of conducting electrons per unit
volume
0, = electric charge per electron

To secount for the motion of the conducting
mediv.n, equation (41) is used to give the electron
transport through this conductor material, thus

;"‘ l\'oQai;a_ a

ha

?,-va'ﬁ

30418 O 83-—13

Combining equations (63) and (64)
T=NO(E+5xB)+jxB (65)

This force is in equilibrium with a damping force
which is assumed proportional to the conducting
electron’s relative velocity, thus

.7;=fa...|..=N,m.(5.—-F)a,

or

<.=.—r>=1v%; NOE+5x By +7% B (66)

The conduction current density is found to be
T=\NO(—7 =‘V¢Qo, iy B & ST
J ‘\IQO(BI l') ma, (E+DXB)+MUXB)

(67)

However, by definition, the cross product jXB
cannot have a component in the direction of j;
thus, equation (57) reduces to

J=e(F+3XB) (68)

where, as in equation (3),

=N

In general, motion in a magnetic field will cause
both the electric current and electric field intensity
to vary as predicted by equations (14), (31), and
(32).

In paragraph 2 of part IIC we saw that the net
electric charge density can be neglected in metal
syetenis where exceedingly high voltage gradients
are not encountered. Then, the electromaguetic
body force 9f aquation (83) reduces to

fo=JxB (69)

This body force acts on the 11288 of the conductor
ard does not affect the distribution of the current
density within the conductor (Campbell, 1923,
p. 14, and Fieschy, 1957, Chapier II1) sven where
the Hall eJect is found.

In the free convection experiment of this report,
an impressed electromagnetic body foree, Ju X F,
will be made to act in the plane of the gravitations |
body force, p§. A small mas of fAuid will expen-
ence & buoyancy force 3f when its temperature T
is greatec than the mean value 7, by 01 thus,

=N+ 3w X B (70)




which is Archimedes’ buoyancy force plus an
electromagnetic buoyancy farce. The only tem-
perature dependent terms in equation (70) are
the mass density o and the electric current density
7. Applying equations (59) and (68) to (70) the
total buoyant force be.omes

b_r'_'abp'*'[(Eh ynud) X El Oc -
o (Tm T
= ap,ng+( e XB) o
or -
F=—oni-aGowxB ()

where
a,,_.?’_ or the coefficient of thermal expansion
20T

a.=—l or temperature cocfficient for electric
CobT

conductivity change

Both coefficients arc defined so that positive val-
ues are reported for practically all metals. The
equive'ent gravitational field g* created by the
electromagnetic buoyancy force may be defined
by the reiation

Y mani—ond 72)

Equsting the net buoyant force in equations (71)
and (72), the number of equivalent “gravities”,

g%/ge, is

5_.=a¢ (.;) mX E )_
ge pnge

73

Figure 3 gives the practical range of “gravities”
or g*/g. for various liquid metals and Aprendix
C, Part I, gives the sample calculations used in
arriving at the various lines.

B. Magnetic Field Changes Induced by Motion of
the Conduction Fluid

In Section 2.B. the solution for the case of
magnetic flux diffsion in & moving liquid was
indicated but not proven. A general equation
for this case is derived here in the manner indi-
cated by Cowling (1957, p. 4). The question as
to whether the magnetic field lines are changed
by thermal convection motion is of great impor-
tance to this report, because the constancy of the
electromagnetic bodv force is directly affected.

Maxwell”. :quations are rewritien below for the
case of negligible displacement currents:

= dF
VXE= (14)
AXB=yj,8-7=0 (31s)
v.B=0 (32)
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Combining (14) with Ohin's general law of
conduction (68)

%B= vx( —~ixB)

0B _o. ¢ (fp).Txd
'a—(—v/((r \B) = (74)

From (31u) ai.l letting n=(op)™"

VYx(VXB)
o

-—-VX( x By—

°B =v.B7—9.7 Bl—9[v%. B—V.VE)
(75)

From vector calculus, assuming incompressible
flow, and equation (32}

v.Bs=7v.B+B.vi=B-vi
0.5B=B%.c+7.VB=5.91

Substituting this into (75)

9_§=.m CE-7- 3 4+40B 76)

Applying the mobile operator 7’;- which is defined

by equation (48), tke following general transport
e~uation is obtained:

%{-’-ﬁ Vi+yB n

The term B-TF implies that the field changes are
the same as if the magnetic lines of furce are con-
strained to move with the materis]l when ¢ —e.
For the ideal liquid (¢ =), Lundquist (1951) inte-
grated this equatior: by considering any finite de-
placement t and oltsined

B=B+ B0 a®

When B is initislly a uniform field in the # direc-
tion the squation becomes

B..sn.(w"" b H;.a" + B “’I o9

Thus unly motion which is position uv‘cpondml
will iall to change B. Consdering the motion
of an element of mess «dldS, & change in either

its dimension or a rotational componen: would
effect B.

The last term of equation (77) gives the rste
at which the magnetic field diffuses through the
fluid. For a dielectric material (¢—0) ihare is
negligible resistance to diffusion on a laboratory
scale.

The relative importance of the constraining
term to the diffusional term is brought out in the
magnetic Reynolds number,

B3
w*B

Thus for the proposed thermal convection experi-
ment

R¢~=JTV prop. (80)

d= i5a 54 cin, re,, 1.0 cm/sec, ayeen

=3.2(10°} em¥eee
Rex=3.7(10"Y)

On this basis the constraining effect appears neg-
ligible compared to the diffusional effect, i.o., the
flux lines alip or diffuse easily through the moving
mass. This is sufficient indication to suy lial the
imposed magnetic field would not be distorted by
thermal convection currents.

C. Electromagnetic Body Force Changes Induced
by Motion of Conducting Fluide in a Maguetic
Field

Motion of a conducting liquid in a maguetic
field will produce an electric field according to
equation (€3). Chandrasckhar (1954) has pre-
dicted thal thermal convection sets in as long-
tudina! rolls when the megneti: fild hwa o
horizontal component and the heat Lransmission oc-
curs between two infinite horizontal planes. These
rolls are longitudinal with respect to the magnetic
field, ie.. the axis of rolation is mutually per-
pendicular %0 both the magnetic and gravitation=:
fields. Motion of this type induces the least
reaction with the magnetic feld, thereby produc-
ing less induced drag. Motion slong the roli’s
axis of rotation is greauy inhibited, since magnets.
induciion occurs in this direction snd the convec.
tive driving force scte only in the direction o
gravity. Under the conditions of the planoed ex-
periment, motion may therefore be sssumed to
occur only in the gravity-iragoetic fisld plane, and

m




no velocity cumponent will exist in the direction
of the impressed current used for the electro-
magnetic body force. When turbulence is en-
countered, small uctuation velocities would be in
all directions; however, major motions would still
be constrained. In the case of water, Schmidt and
Saunders {19. *) found a sharp transition from
cellular to turoulent motior: at a Re=43,000.

When mction is confined to the gravitv.-magnetic
field plane, induced electric fields resulting in this
motion must always lie along the axis perpenaic-
ular to tis plane by equation (68). ince the
electric field applied to create the electromagnetic
body force is along this same axis, the resultant
electric field £ in equation (68) must always be
parallel to this axis. Thus, for the convective
motion expected, the net electromagnetic body
force will always act along the gravity axis, but
will not be of a constant magnitude. Variance of
this body force will depend only on the vertical
component of velority at any given point.

By combining equations ‘68) and (69) the net
electromagnetic body force is found to depend on
the components of the electric field and velocity
which are transverse to the impressed magnetic
field. thus

Jme(E+XtB) X B=e(E X B)—oB%, (81)

Where the term containing r, is the induction drag
which acls as a strong ‘“‘viscosity,” tending to
destroy motion acrose the magnetic flux lines,
Chandrasekhar's (1932, 1954) final criterion for
thermal stability in a magnetic field was the
Rayleigh number and the square of the Hartman
number M which is proportional tc the ratio of
magnetic “viscous” dreg force to the ondinary
viscous force of equation (58), thus

fue eB% "
i Lok Al
Actuslly (handrasekhar's nmegnelic parameter
included only the vertical component of B and
considered the horizonta! camponent separstely.
When no vertical component of B s present,
Chamirasekbar's salution s no Jonger applicable.
However, Cowling (1957, pp. 87-72) arnives sl the
same Hertman number criterion for the horizontal
field ceee, only B in equation ‘82) u the boTizontsl
componen:t. Lehnert and Little (1957) expeni-
mentally found that the vertical compovent of
magnetic flux would inhibit the onset of convec-

1mn

tion while the horizontal compcnent had no effect
on thermal stability. Since the conclusions of
different investigators have nol. been in complete
agreement, one phase of the planned experimental
program will deterinine the effect which the hori-
zontal magnetic field has on thermal convection.

The transverse electric field %, in equation (81)
will coincide with total electric field, since the
total electric fiell must be transverse to the
gravity-magnetic field plane. Direct evaluation
of E. is difficult, since it depends on the electric
field created by motion transverse to ths magnetic
field and on the impressed electric field. How-
ever, in the experimental phase which determines
the effect of the horizontal magnetic field, the
electric field induced by motion must already be
included in the final correlating equation. Thus,
by impressing an electric field, a uniform electro-
magnetic body force will result which is in addition
to thut induced by the motion-magnetic field
effect.

D. Equations Used in Correlating Datz

Refore stating the final integrated equations
which are applicable to our experiment, the
genersl differential equation of motion will be
written. Actually, all parts of the equation of
molion have already been discussed in the pre-
ceding text, but they have not been added W
form a mote general equation. The time rate of
change of momentum D(s7)/IX s assumed o be
in equilibrium with & viscous force w¥% (Table
1, Navier's law), s dynamic {orce or static precsure
gradient ©p, a gravity force sg and an electro-
ragnetic force )X B (equation 69), thus

DLw) _
R

As discumsed previoualy the electric current
density in equation (83) is the sum of the imprewsed
current }.. and an iaduced curreat 3. caueod by
motion in the magnetic field. Because of en
imposed vertical temperature gradient, vanations
in muew density and imprewed current density will
occur.  As Rayleigh (1918) bas shovn for mass
densily, thess variations need be considered only
as they modifly gravity, thus apalving equation
(1)

F~Cptai+IX B (43)

pi+ X Fmagll—adT}  Grax (1 —eaD)
(84)




The induced electric current density may be
eliminated by use of eqiation (31a), tius from
vector ealculus

.74.X§==£ [fi-vii--;— vflf‘)] (85)

From Table I the Biot-Fourier equation for heat
transfer is written

DT ..
D_I=WT (86)

Equations (32), (77), '83-86) are equations of the
problen which (handrasekhar (1952, 1954) used
to develop his theory, except the last term in
equation (84) wus not present.

Nakagawa (1960) has extended Chandrasekhar’s
theoretical werk to yield a usable heat transfer
equation. In the region of marginal stability
Nakagawa found that

Nu=1+k’ (59—;:;“‘) (87)

where &’ and critical Rayleigh number Ka, are
completely known functions of the vertical
Hartman number squared, M’ The honzontal
magnetic field case will then be assumed to be of
the same form; except that &’ and Ra. will be
experimentally determined functions of the hori-
zontal Hartman number squared.

When no electric current is impressed on the
test vell, 13 in Chandrasekhar’s and Nakagawa’s
work, the net electric current flowing across the
entire test cell is zero, since the net muss Jow rate
is sero. The net result is only an increase in drag
or a megnetic viscosity effect, which can be
exaluated by the method in the precxding pars-
grapb.  An impresed electric current can then be
used to create the uniform buovancy force given
by equations (7:) and (84). The addition of §°,
jiven by equation (73), to the ground level
grevity §. equals the net equivalent gravity §
which can be applied to s dimensionless convection
parameter such ae the Reyleigu number.

Section 4.
ANALYSIS CF POSSIBLE ERRORS
A. Maguetic i'feld Induced by an lmpressed Electric
Curreat
Equation (39) gives the gencralized form of the
BiotSarart law for the magnetic field induced by

a stendy electric current. Since an electric current
will be impressed on the test cell (Figure 1), a
solenoidul magnetic field will be produced which
will interact with any impressed magnetic field.
Figure 4 gives the geometry used in evaluating
equation (39), where the elementary volume
dr=dzdydz incloses the point @(z,y,2). At point
P(z\,y..2) the magnetic field B is induced by the
electric current density j located at point @(s,,2).

The axes are chosen such that all the current
flows along the positive z direction. Since the
current flows in a closed path along the conduc-
tors outside the cell and in the same direction
inside the cell, integration is taken along an infinite
line parallel to the z axis and passing through
point Q. Let

r (88)

then
P=a'+7?

IXFi=ja )
dX=dr,dY=dy dZ=dz

Substituting the 5th and 6th expressions of equa-
tion (88) into the general Biot-Savart law and
integrating with respect to z

uf.
B=L f g aededy

f [o )"'] dxdy
nesif

The factor j is not a function of position for the
following re-asons: (1) according to King (1945,
p. 33%) the current density is constant throughout
the conductor when the electric field's frequency
of oscillation is low, and (2} according to Campbell
(1929, p. 13) and Fieschi (1634, Chepter 111) the
magnelic fikd han no effect on the electric current
distribution. When a verticai temperature gradi-
ent is irposed on the test cell, & small current
density varistion will occur, since the electrical
conduclivity i teinporature dependent. Based
on physical property data in Jackson (1935, p. 33)
for NaK 77 between 13 and 200° C & 1% vanis-

In




tion in 7 will be caused by a AT==(0.01)¢ avg.
(%-Z:)=(0,01)(4-3.0)@%):7.68" C. Assuming a

convective modulus of 1.72X10® (given in Table
TII for NaK 77 at 100° C) and a depth of 3.0
inches for the test ccll the critical temperature
difference AT, for the onset of convection is

Ra.=1708=1.72{10%d"aT,
or
1708

ATe=17506% (445, (1079

=0.0223°C  (90)

4 (l‘,y'.x.)

Thus, the variation in j will not exceed 1% until
the temperature gradient exceads 344 times the
normal critical temperature for the onset of con-
iection.

Proceeding with the integration in the «.y plane
the components B, and B, may be found. By
similar triangles

—dBy=""dB and dB,al?L' dB

Fiavas 4. Geowelry used in evelusting e Bict-Savart Law.
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Combining with equation (89) and sssigning the
- w w

limits of r as -3 to +§ and y as 3 to +§ the
following is obtained

;T Y -2)dnd
8= [ | [[emmgdlz
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Appendix C-II gives the sample calculations
for evaluating equations (93) and (94) by using
the test cell's planned configuration and maximum
current denaities. Table 4 summarizes these
results when the total current is 200 amperes
and w=d4=3.0 inches. The maximum magnetic
flux will occur at the outer »-y perimeter of the
cell and will decrease to zero along the (o, o, 2,)
cell center line. If the impressed magnetic field
is varied between 900 and 8,000 gausses, the
impressed electric current will affect the resultant
magnetic field by no more than 1%. Much
leas error can be introduced by proper mutual
sdjustment of the impressed magnetic field snd
electric current.

B. Joule Heating Effect

Without an impressed electric current, therma!
cuonvective motion in the magnetic field produces
sn induction drag ¢B%, sccording to equation
(81). This magnetic ‘'viscosity’” effect dissipates
its energy through induced current or joule type
heating which can be taken into sccount by
spplication of equation (87). A maximum esti-
mate of this effect is given as follows:

e '=41.6(10"%) ohm meter, for NaK 77 at
150° C (Jackson, 1985, p. 35)-
Bair=08 webeis metori= 0.8 volt sec/meter’
(P e = 1.0 cm/vec

(%4)

oe)(io-5

oB% = | 610D

=154.0 watta/m’ (85;

When an electric current is impressed to
produce the eleciromagnetic body fores, joule
heat » produced. [t the impressed eectric
current deasity is emsentiaily constant sa dincussed
in peregraph 3 of section VA, then the joule
heat will by constant end will be equal W
€ s A naximum estimate of thw effect
is given as {ollows:

: 200 .
(ragroma) .= ‘r-—-—mo_m),-x.«no‘) amperea/m

o la= (4161107 ) (11.8)(10%) = 49] Owaite/m® (96)

Thus, the impressad current joule heating effect
is of approximatelr the sume order of heet geners-
ton as the magnetic drag effect; bowever, the
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former dovs not directly inhilit convective motion.
The rate of adiabatic temperature rise in the test
cell caused by the impressed electric current
would be

oT o'

—=T L 587(1079).Clree=2.29.C)
o= e, 3.37(1074.Clxee=229-C/hr  (97)

Tasrr 3.— Magnetic lur densities induced by the impressed
electric current within the tes! cell

lon . B* . B* | B* B,se

‘ ; f wjw ; Ww | ujw | gausses

| | ! [ |

Y I 0275 | 0.275 | 9.0
w2 | d2 | —0.181 0181 ,0.255| 840

|0 d2 | -03275 0 10275 9.0

—w2 | 42 l ~0. 181 ' -0.181 | 0255 | R 40

-2 | 0 0 ' 015 0275 9.06

—w2 | ~d2 —0.181  0.181 | 0.255 | 8 40

! C-d2| -0233 0 f0.275| 9.08 !
w2 | —d2: 0181 0181 0255 ! 840 |

N e o ' 0 | 0 »

P 44 -0 0 0 425

:u‘—:d, where w=width of test cell and d =depth of test
cell.
v 3.0 inches and jw':2200 amperes.

where for NaK 77 at 150°

p=0.835 gmjem?® (Jachson, 1955, p. 34)
(', =0.220% culjinn®C (Jackson, 1955, p 37}

#C,= (0833 (109(0.2208) i 4.184) =
0.771(10% joule/m*°(*

Since the upper atd lower walls of the test cell are
made to conduet heat, the rate of temperature nse
wil! not remain very long after the impressed cur-
rent is allowed tn flow.  The woxinun tempers-
ture gradient caused by this effret will occur at the
horizontal wall boundaries in the NaK?7, thus

€Y ivolume of test cell) = 491(0.448 (107 =
0.218 watts

(.\T\ 0218

where 3 )-“—-—-S} () TR0 m {9%)

N--ares over which the hest 18 conducted -
2(.07437 = 1 1610 ?

A=0.53% walien®C, for NaK 77 at 150°%C
(Jackson, 1933, p 313

Sk=0.278 watt m*C

This compares with the critical temperature gradi-

1%

ent of 0.292°C/m required for the onset of normal
convection in the test cell. The offect of the joule
heating temperature gradient will be to ircrease
the upper half of the test cell’s temperature gradi-
ent aLd to decrease the lower hali by az equal
amount. The resultant redistributed teinpera-
ture gradient will however, have the same average
value as if no joule heating were present. Part of
the planned experimental tests will be to determine
:he quantitative effect, if any. which the joule
heating temperature gradient has on free convec-
tion heat transfer when no impressed megnetic
field is present.

C. Galvanomagnetic Effects

1. A transverse galvanomagnetic potential dif-
ference—Hall effect.

The Hall effect is described on page 8 of Camp-
bell {1923) as “The total transverse electromotive
force Aday set up by the magnetic field H, in a
plate P, as _..own (Figure 3a), carrying an electric
current density J is as follows:”

MEH =
£ 5 —BEX) (#9)

where b=plate width
R =Hall coefficient (theoretically negative)
j=Ind
A =plate thickness
@=angle which the equipotential lines
rotate at A5 in Figure 4a

whet =0  Agay=0

when H i finite

»..ammx»-ﬁ-‘-’%?‘l‘ (100)

It is interesting to note on page 13 Campbell
(1923) “While in the Hall effect the equipotential
lines are rotated by s magnetic field, the lines of
primary current are not rotated. . . " Hall
verbally tells Cazapbell why this shoul.l be true
through the ansiogy of the independence of & Lube
flow velocity on the transverse pressur - gradiant
causet by gravity. Thorefore, if the Hall coefi-
cient were either positive, nagative, or zero fur
the aystem under study, there would be no effect
on the current densty distnbution.

A2




The angle of rotation © of the cquipotential
lines may be obtained from Figure 5u and equation
(99), thus

tan 6= ‘?) H)_(—myls

4

The Hall coefficient + a8 found to be —0.0025
em.u. for solid sodium by Ettinzshausen and
Nernst (Campbell, 1923, p. 124). This compares
with —0.00052 e.m.u. for mercury, the oniy liquid
metal in Campbell, as determined by Des Coudre.
The maximum angle © for NaK 77 is estimated
using the Hall coefficient and conductivity for
sodium thus (6~ )mi=5.8 (107%) ohmm cm=58
(10%) e.m.u. ohm em

H .:=8,000 gauss

(2.5 (8.0)
5.8(10°)

Eq_(=1)
= (101)

=13.45(1107%) or 4=0°—12’
(102)

Therefore, even if the current lines were rotated
with the equipotential lines this effect could still
be neglected.

2. A transverse galvanomagnetic temperature
difference—Ettingshausen Effect.

The Ettingshausen effect is described on page
147 of Campbell (1923) as “The transverse change
in temperature per unit width, 3775, was found to
be proportlonul to the magnetic ﬁeld?l the current
density ] of the primary electric current T, and \he
width . Thus

grad T-‘.‘{_'-PGXF)

where P’=Ettingshausen coefficient (theoretically
positive) Figure 5b shows the Ettingshausen effect
when P is positive.

Zahn (Campbell, 1923, p. 152) derived a theo-
retical ratio of the Ettingshausen coefficient o the
Hall coeﬂicient thm

tan §=

(203)

emu volta
—x ™

——- 4
} 25x10

Assuming that Zahn's ratio applies in thia case,
the Ettingshausen efiect may be tstimated,

Y T
PraFrigz Ty =10 ;?n-pgt'\—fa)

dm3(2.54, =763 cm
Il.“-‘OOO gaum

. n
Jrar™ T (IO\ =0 345 (amp/cm® emu

(AN e = b9H = (7.631(10°7)(0.248)

(8.0)(109) =2.10(10° " *C

which is quite negligible.

3. A longitudinal galvanomagnetic potential dif-
ference—Magneto-resistance effect.

This source of possible error can be neglected nc-
cording to the discussion on page 194 of Campbell
(1923).

“Drude and Nernst, 1891, observed that the re-
sistance of mercury in a field of 8000 gauss in-
creased about 0.2 percent while that of molten
bismuth at 290° C increased 0.4 percent. The
same year Des Coudres called attention to the fact
that this increase might be attributed to heating
of the metal by current.

“The work of Berndt, 1907, se2med to confirin
the contention of Des Coudres. He found thet
the smaller the capillary tube used, the less the in-
crease in resistance. In fields of 1000 to 3000
gauss, the increuse in resistance was not more than
0.00005 percent for mercury, and 0.004 percent for
molten bismuth.”

4. A longitudinal galvanomagnetic temperature
difference.

Insufficient data is available concerning chis
effect to say whether it actually exists. Thus
according to page 210 of Campbell (1923),

30 littlework has been done on the longitudinal
galvanomagnetic temperature difference, that no
general conclusions can be drawn as to its direction
of variation with field strength.

“Drude, on the basis of the dual electron
theory, showed that this eJect is in reality »
Peltier effect.”

D. Thermomagnetic Effects

1. Trarsverse thermcinsgnetic electromotive
force— Nernst eifect.

The Nernst effect is experienced when a trans-
verse electromolive force A¢gu is set up by the
magnetic field 77, in the plate P, carrying o heat
current density jy, ws shown in figure Sc. This
effect follows the equation

E=2eo8 @G )

where,

1 =plate leagth
= Nernst coefficient (theoretically positive)
k= thermal conductivity

Jx: conduction heat =4CT
V= .E(m

m
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or in & simpler form

Ee=Q (TIXVT) (106)
Campbell (1924, p. 230 hes tabulated various
values of the Nernst eneflizient (e.m.u. units) for
solid metais. Maximum vajues ¢ Q, st rom
temiperature and shov: are 8.6{10°*) for nickel.
0222 o Moned and w26 for bismuth. Lower
values were reported for @ in the following metals:
7.3(107") for copper, 1.66(10°") for steel, 1.6(107%)
for lithium, and —4.6(10"%) for silver.

In the heal tranier spparatus under analysis
the impressed electric field niust be opposite to
Ey (for Q positive) in order to have an upward
b wdy force of wjXJ. The net electric fieid across
the liquid metal, E—E,. will produce a current
density j thous,

j=w(E-E

Eo=edE—0oTl<eT).  0n

The joule heating rute per umit volume. ";- s

i;J-E.}—Q(nx.\D -J (i08)

and is smaller tham the power input per unit vol-
ue, F-J. The ertor in o wattmeler reading,

E.jis thus

E.j- z

Ce errorw= ‘—ir

0‘”}\'17 ? (100)

% mr-‘w}@ (100) (109

asuming that

Guan~ | 610 "i.( gnum

H = 200G gaums
1=3 48 ampicm?
(“n“-x If’ (”t‘ﬁl

LU o o
2™ 411079 volt em
1. 610 s oy e eyt

e - - e
e TR Y T C M

The Nernst effect (n liquid metals is thoughit to
be insignificant since nickel practicelly loses this
effect at its critical temperature (700° K) and
teiluriuiy’s coefficient approachios zerv at its melt-
ing point, according to Campbell (1923 pp. 213
and 220).

2. Transverse tharmomagnetic temperature dif-
feeonce - Righi-Ledue (fect

Using the saimie geonietry ws in the previous
fizure for the Nernst offect.

vl'T"= ‘VT) umnnc:Sm:': vn (l o

where S=coellicient for the Righi-Leduc offect.
This transverse temperature gradient wili produce
an ertur given by

% error= —Q'%"—""asmm) an

S has not been determined for liquid metals; how-
ever, Campbell (1923, p. 236) shows that the
correlr:tion between N and R of the Hall effect is
excellent.  The two angles of ri.tativa are given by

tan 8, = Helf, tan 05_, == SH nmy

For the thirteen metals stuaied, equal magnetic
Beld intensities produced the same angle of rota-
tion jor both effects. Applying this correlstion.
equation (111} becoines

To orrur= (10M can 0g. .~ (190) lan # {113)

Frow equation (102) the Hall effect angle e sub.
stituted thus,

% vrroe = 0.0345% which u aegligible
3 Thermomagnetic longitudinal potential dif-

fecence.

This kngitndinal potential differvoce induced
by the cram effect of the tempersture and 1nag-
netic fiokd & difficult to measure.  This dificulty
# best summanzed by Curpbell (1921, p. 2510,
“Mence the magretic Swk! changes the inherent
thetwovkectre power of the plate or the lead wire,
2 diffecvace of poteatia)l wil' ast up.  There mee
tc br good reason (o believe that both the changss
in thesmal conductinty and thermo-electne powse
wre concerned in the producticn of a longitadinal
EMF™

No data w peverniod on Yiquid mefals and the
dats o0 solui medals i greatly dependent on the
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lead wire material ased.  Unti more information
and theury is found, no defi ute conclusions can
he reached, except to say that this effect is most
likely negligable.

4. Thermomagnetic ongitudinal temperature
difference - -a change in ihe thermal conductivity
of the metal.

tince both th flow of electricity and heat in
metals is known to occur by electren movement,
then the magneto-resistance effect of Part IV (.3
should be of the same order as this change in
therinal conductivity. Theory and experimental
data are in disagresment as presented by Camp-
bell (1923. p 258), “Liven (1915) using the
assumptions of u free electron theory deduced
an expression for the change in thermal con-
ductivity in 8 traverse maguetic field.  According
to his expression, the thermal conductivity should
always increase, which is contrary to the dsta
fvutid on the faw metals reported.”

Section 5.
SUMMARY AND CONCLUSIONS

The basic equations were derived for the
procesces involved ir order to elucidate the
physical implications of evisting theory. Motion
implied by the equations of the problem and by
the most pertinen! previous investigations were
discussed. Based on the analysis, the [ollowing
statementz may be made coacerning the planned
experunent :

A. Convective motion will not sgnificantly
distor’ the impressed magnetic field.

B The impromscd magnetic feid will affect the
convective motion, and this effert can be taken
into account.

C. The impressed eleciric current » uniformly
additive to the clertrie ~urrent induced by con.
vective mot:on in the magnelsc field.

D. Basou on the above three siatements the
unpromed clviromagnetic body force wall be
uniform throughout the fluid mam.

E. The unpremsa electrc current cousms o
negligible deviation in the unpresed megnetc
field.

F. Neglerting joule besting, thc impressed
olortiric -~urrent has no offect on the conveclive
moion of the Huid.

G. Without an impressed magnelac field present
the effert of joule healing will be experunentally
determined. Joule henting couid effert com-
vective motion, becsuse the usuel tesaperature

10

gradient becomes distorted, even thoush the
overall temperature diffcrence is undisturbed.

H. Galvanomagnetic and thermomagnetic eof-
fects are considered negligible evc:. though experi-
mental data on NaK 77 has nat been found.
Additicnal literature searching is necessary to
deterinine whether the data on NaK 77 is
available.

On the bases of the facts presented the planned
experiment is feasible and the probablity of
determining the effect of gravity by the electro-
magnetic method is very favorsble.

APPENDIX A
Symbols and Their Rationalized MKS Units
Engish letters
a Magnetic vector potential, :%’ Q!
a, Electro® ‘s damping constant, .—:-c-, r!

Magnetic flux density, % mQ

x|

‘e Specific heat at coustant pressure,

joules iy~
Ke'R' 8Ty
D Electric flux density, m‘-"—?n"?. [ V)
meier
d A charsctenstic dimension of a system.
meters, |

D, Mam transport diffusivity, ‘-“i—-—-'_"c"'.n-'

Electric fiold intenmty, -“l-—u-- Q'
melar

F  Force, newtons, imf?

_; Body force, 9::‘—:?. I tmg?

Net gravitaticnal acceeloration, e u?

*  Eqguivaleat praviiaticnel sooslerstion pre
duced by the impassd electranagnatic
body force, Tors &

=3
g The earth’s mes lovel acvelonstion,

melers s

oter
Gr  Grashol nmbn-”-‘:jg~ dimenmonless




am peres

-1
Jeter s QU

Magnetic field intensity,

coulombs
sec

’ Qt"l

Electric current, amperes or

. ., amperes
Electric current density, amiperss,
meter?

-2t

joules

» mt™?
gac. meter?

Heat flux density,

. . . €
Dielectric constant of a medium, o
(]

dimensionless
joules

Thermal conductivity, ————3=
“ ' sec. meter °K

ImT-13
Equivaient tliermal conductivity,

_joules .
sec. meter °K_ ImT4

Length, o ¢

\uls’ e

k 4
Lorenze number= e Q-
[}

Fartman number==Bd(s/pv)}, dini~sionless
Mass, kilograms, m

Number of conducting electrons per unit
=%

i
volume of conduetor, ———
meter®

Nusselet number=k—,;'p dimensicnleas

Prandtl number=1Ka dimensionless

Electric charge, coulombs, Q

Electric charge density, %ﬁg; Q

Position vector, meters, {

» dimensionless

Rayleigh nuniber gaﬁde‘

Reynolds number =}-vd. dimensionless

Magnetic Reynold number =L;i )
dimensionless

Area, | eters?, PP

Length of line, meter,

Temperature, degrees Kelvin, T

Time, seconds, i

Mean velocity of the mass, "!'aﬁs i

W

1

nieiers

Velociiy vector, ———, i}

Work, joules or newton-meters, Pmt¢-2
Test cell width, meters, [

Greek letters

«a

-

¢

®.

Coefficient of volumetric expansion

__,‘o —1 -
220 K-.,7-!

Temperature coefficient for cleetrical con-

tivi =09 op-i po
ductivity change =37 K-, T

T,

=——g—

K
meter’l 'T

Mean temperature gradient

Eilectric permittivity of a medium,
coulombs
y PmQPE

meter volt
Electric permit..vity of space =8.85X 10"

coulombs

- -3, 2
meter volt’l m

. metor’

Magnetie diffusivity = (w)‘ — Pt

Thermal diffusivity -—-k meter’ Pt
Cyp “sec.

Magnetic permeablhty of & medium,
weber .
LI
meter ampere’
Permeability of space =4x X197’
__ Weber ImQ-

metcr ampere

Relative permeability of a medium=f;
dimensionless ’

Momentum diffusivity or kineinatic viscosity,
_met,ei’, P
sec

Displacement of position==AF, meters, {
mlgglums [
m

Mass density, eter

I meIQu

Electrical conductivity, m

Volume meter®,

Megnetic flux, weber or volt-seconds,
PmQ
Scaiar electric potential, voits, PmQ-'t"?

Operators in Cartesian coordinates

a

Difference or change in a function
181
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APPENDIX C

Sample Calculations

1. Equivalent Number of “Gravities” Induced by
the Electromagnetic Body Force

Converting equatirn (73) into more common

units then the MKS
Xl()’cm) =p(10°)

Ay

0.=9.8085 m/sec?

- = [ 10%n
Jotm=Joim (-‘;,B

) =]oln(l 55)‘10‘)

weber

=B’(K gauss) B'(lO D]

lOK gauss




Substituting into equation {73)
T 639 = 1-) B
T 5,32 =(2) Guwx B

which is plotted in Figure 3.

The motor-generator set will produce a maxi-
mum of 200 amperes and not more than 8.0
kilogauss can be obta .ed using the available
electromagnet at an air gap setting of 4 inches.
Using NaK 7 at 150° C the maxitnum number
of equivalent gravities is found to be

l‘ Xy B’ (l )(200) (8 0)
9. ap.(63.2) (0.288)(9.0)(0.535)(63.2)

=14.6

where from Table 5
a=2.88(10"Y°K

—O0__ _(0.26)

ST 1180 210K

A==

II. Magnetic Flux Density Induced by the Im.
pressed Electric Current Flowing in tie Test Cell

Before equations (93) and (94) may be evaluated
two limits must first be evaluated, namely,

lim [u cot™! E] and lim [¢ In ¢?)
] 4 (=
e
where
u=w/2—x and c=d/2—y,

Both may be evaluated by taking ratios of their
derivatives, thus

lim cot™ ,u [l+‘]
Jm -

At 2,=v/2, y,=d/2 and w=d the magnetic flux
components are found from equations i93) and
(94), thus

TR T—
- [cot -1 (%)-I»cot - (;'z)]
wro i [F5]}

+(0) In

aept{o (-0}

B, =“’"’ [(.786)+(.3466)]  B,=pujw(0.1807)

At this point L';=— B,= —ujw (0.1807).
_ When 7,=0, y,=d/2 and w=d thLe magnetic flux

-6
£ (;f)]

'l w'
g
Jz

-(;i’) (1.609) }=-ujw(0.275)

When 1z,=y,=0 in general B,=B,=0 from
equations /93) and (84). When 1,=0, y,=d/4 and
w=dB,=0 and B,=—usw (0.129). This indi-
cates the fiux decreases as 2, and y,(<w/2) de-
creaser, but cot linearly as in a circular cross-
section conductor.

Assuming a maximum current of 200 amperes
and w=d=0.0763 meter the flux at z;=0 and
y1=d/2 will be

—(w) [cot -1
)

B.a‘% { 0—(w)(2) (0.464)

2 ot

4x(10-7)(200)(0.275)

B=B,—‘—‘!;1-" (0.275)= 0.0763)

webers

am 4
9.06(10" )meters’
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APPENDIX D

TasLr. 5.—Physical properlies of selected fluids
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TaBLE 5.—Fiysical properties of selected fluids-—Continued
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TarLs b.—Physical properiies of selected fuide—Continued.

vp

‘Tempera-
wre, °C .
_Kg__ (re’erence) AR (refercace)
(m) (sec)

3.99(—4) (page 2037, Hodg- b (page 7?1, Hodg-
:2. ggf —4; man, 1857) g man, 1957) odg
2. —4] f )

1.72(-85) {Table 2v-3, Gray,
1.91(-5) 1987)

2.18(-5)
2.58(-8)

1.68(—3) | (page 2040, Hodg-
1.24(-3) man 1957)

1.08(—3)
9. 50( - 4)

4.35(—4) (Table I-16, Jack-
2.99(—4) son, 1958)

2.27(~4)
1.94(—4)

Acetone

—
hO

Air ‘at one atmox- (ideal gas law)

phere pressure)

5313

(page 1995, Hodg-

Mercury 1087
man

atatatalii ) -tk

(3
—
A~~~

Potassium (Table I-14, Jack-
955)

son, 1

- IO e |
A D
AR
ey

L~

(Table 1-7, Jackson,
1988)

(Tuble 1-6(a), Jack-
son, 1955}

—~—c
(AT
e S | N e e

NaK 77 (77 wt. ¢
potassium and 23
wt. € sodiura)

5.60(—4)* | (Table 22, Lyon,
4.78(—4) 1954)
3 83(—4)

(Table I-14, Jack-
son, 1955)

BE5S | BR2Y

—

NN NP m | oo | Nmp
%3

-3

(page 2036, Hodg-
p.r:m. 1987)

5o | BEBEEEEs | 8853 | 8582 | 885, |BHs.ie

( 1984, Hodg-
Pan, 1969

Sux
POO~—




TasLE 5..—Physical properties of sclected fluids Continucd
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Initial Yielding and Fracture in Notched Sheet
Molybdenum

R. T. AULT

ARsTRACT.—The initial yielding and fracture initiation behavior
of wrought stress-relieved and recrystallized molybdenum was in-
vestigated at room temperature. The effect of notch severity and
£2in si ze on the nature plosacﬂowmuuddsba!m&lespea
mens iwas investigated by means of coatings. The
nature of fracture initiation in sheet sensile specimens was
studied through the use of pre-polished and eched sardem natck
specimens.

4pplmmon of the Griffith-Orowan theory for crack ;
and the Cottrell criterion for crack initiation, reveal that the effective
wdmmlajwcrdwmcndandmumm*
same order of magnitude, swhich is 10° ergs/em’. This finding is
mpwﬁbvhapmmdmmhmmm-&am
Jound.

Plastic flow regions deermined experimensally from the pheto-
dastic coating studies were shoun o be in goud agresment, both

isatively and quantiratively, with theoretical results predicsed

v elastic-plastic stress analyses

lmudwd&qd*nﬂdmm[mﬂlomrdtkm
msadunulndjucgammdm&mwo]
the magnitude of the stress concemtrusion .
stress, in the noich sectian wus rery )-pdwﬁtunﬂ
wemsile sidd stress.

It is the objective of this pregram & invwstigate several aspects of
the nature of flowr and fracture in neiched shest molybdenum. The
exprimensal appreach can be conveniontly divided into two phases.
In Phase | the initial yielding and fracure bahavior of neiched
tensile sperimens wns inrweti ]nncmrﬁmd‘vcfm
point of new. Iniial ¥i wes studiad us
conting dechniques. memamdbyan
paring the unnoiched and neihed imiils properties for ra.iems

u-uo]m In Phase 11 of the the nature of frecsure
nas i ]mennﬂ-lgufmnpuuo]m. The
materials frecture characteristics sere comperad for the recrys
hﬂtﬂm&ham&m?ﬁvmm»umdm&vw
' stress-relionnd condition Jracture characseristics of the un
notched tmsile speimens in the rcrystallisnd condition were
analyard acverding e current effective surfoce emergy comcopts.
Partioular atention wes paid te studying the location and mede
o[jmmw&cuﬁd—ahm Tnd-n
Dislocation demsity neasuremenss uvre obisined from ack pu

Mamuﬂanm&mpunhc]phmﬂuu&
reot of the neich.
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INTRODUCTION

There has long been a need for metallic materials
in the form of sheet. Recently, however, the
impurtance of sound structural metals and alloyvs
in sheet fornt has beet: stressedd due to the require-
ments for such sheet materials in advanced uero-
navticsl and sp ‘e vehicle svstems.  There is a
particularly important need lor lugh strength to
deusit> ratio sheet materials for solid-fuel rocket
motor case applications. There is also a require-
ment for high melting point refractory metals in
sheet form ! application as liners for solid-fuel
rocket motor nozzles and us leading edge matenals
for re-entry vehicles. The refractory metals of
particular importance are molvhdenum, tungsten,
tantalum, and columbium.

Tie refractory metals are known (o have good
elevated temperature strength, bui their :sefuiness
is limited by their relatively low resistance to
oxidation. In addition, if these materials sre used
at low temperatures or subjected to multaxial
streas systems, they may dirdlay a pronounced
tendeney towand brittle behavior. This is known
to be the case jor high strength steels. molybdenum
and tungsten.  Usunl design criteria cannot predict
fuilure adequately under these conditions.

BACKGROUND

The discussions in this section are intended to
provide betkground inforination which will allow
u eritical anaivsis of the experimental resulis pee-
sented later in the repori.  The complex problen
of fracture in metals can be reenlved into two
aepects one whicth deabs with e mwrmcopic of
atomistic mechanisns of fracture. and the other
which considers the effects of victallunpical snd
testing parumeters.  The testing varishies include
such things as strain rate, temperature, siress
state. strain gradient and cxclic loading. The
report dea's primanly with the latter aspect of
fracture

The mechanics of fracture might be broken into
throe categories as jollows: ideal elastic fracture.
purely plastic fracture, and cast:c-plastic fracture.
ideal olnstic frecture invalves the breaking of
atomir bonds without any plastie deformation.
This type of (reciure s never ohmrrved In metals:
Lowever, 1t is of interest since it provides the
bams for the well known Gnffith theory of frecture
in elastic solids.  Modifications ~ this theory have
teen apphed (o fractuee in polvorvstslline metals
Purely plustic aor ductile [racture involves ihe
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formation of voids by the condensstion of vacan-
cies which are produced hy plsstic flow. The
voids ure then extended and joined as the result
of further plastic flow. There is no real irncture
stage but only a separation of the metal as a result
of con‘inued void formation and plastic flow.
Sepacation occurs when the work hardening capae
bility, not the ductility, is exhausted. Ductil-
fracture, although important, «ill not be a subject
of discussion irs this report. The third ~ategory.
einstic-plastic fracture, is comnosed of & omplex
interartion of elasiic and plastic response such as
shear fracture, hetergenecus plastic flow, erack
formation, plastic tearing jeining ndjacent cracks,
and crack propagation through the re':ase of
stored elastic energy. [t is elastic-plastic fracture
which was studied in this work.

As the Griffith theory for purely elastic fracture
and its modifications by Orowan and Irwin which
apply to elastic-plustic {ractusc are rather well
known they will not be discussed here. Similarly,
the dislocation theory conce.is developed by
Cottrell ana Peich which are pertinent to this
paper are equaily well known and therelore, will
not be treated. In contrast there are certain
mechanical, stale of stress, concepts of fracture.
which pertain to results presented later, which
perhaps are not as well known and, therefore, will
now be discussed briefly.

As one stage of an clastic-plastic fracture
invelves the propagation of stationary cracks, »
knowledpe of the stresses at the tip of the crack is
cosential in understanding the mechanics of
fracture. Lincar clasticity analyses of stressss in
the vicimty oi a crack have been piven by Ingliss
(1), Westerguara (7), Irwin (3), and Williame ({).
Their solutions are xmilas »2d both longitudinal
aml tranevern: stremses in the nesghborbood of the
cruck tip are found 10 be inverseiy prupurtionsl to
the aquare root of the distance {rom Lhe creck tip
The andlywis by Williams ctnpbasiaes thai ot the
bese of the crack the principel stromass are equal
and thus there » a twodimensional wate of
hydrostatic tenmn 1+ which tends o reduce the
amount o yielding He finds. 1n agressnent with
the other analyses, that the maximum principsl
tetwile sirves occurr not st the borizoats’ axis of
the crack but st an angle of 160° from the
korizontal. Wilhams alwo demrinstraies “hat the
nmaximum disiortion sirain snerpy ocrurs al an
angle of i 70° from the horizontal. This cbeerve-
tion was also detenmnined experimentally by Post
3} using photaslastic (echraques and has rwoenily




been borae out by elastic-plastic stress analysis
techniques (6).

The theory of linear elasticity, haxever, fails 1o
give the trie values of stresses for cracks in real
metals for one of two reascns: first the elastic
solutions predict infinite stress s at the crack tip,
and second, the actual occurrence of large strains
may invalidate the com  only-upplie 1 infinitesimal
deformation theory. Thus in order to account for
the real behavior of u metal either plustic or
elastic-plastic solutions are necesanry.  The purely
plastic solutions assume ideal plustic bebavior of
the wmaterial whe.e elastic deformations are
neglected completely  The elastic-plastic solu-
tions, which are [ar more difficult, assume an
elastic-plastic situation with or without strain
hardening. The elastic-plastic method has been
developed by Allen and Southwell (7). They have
applied this method to tie problem of ru externally
(90°) V-rotched and semi--irenlar notehad tensile
bar under conditions of both plane struin und plane
stress. The solution i3 obtained by use of the
relaxation method applied to the combined field,
and involves solving a linear field equation in the
clastic portion and a nonlinear fiedd equation in the
plastic region by an iterntive procedure.

The relaxation technique cousists essentially of
assuming (a' the validity of infinitesimal deforma-
tion theory, tb) a strows-struin curve. taken as
elastic-plastic with no struin hardening, and () a
vield critenion, taken a3 the von Mues-Hencky
value. The clastic prohlem fur the entire region
is salved. and then the areas neas the notch where
the von \ises-Hencky strems is exceeded (the
plastec enclaves) are relaxed back to the yield
strems, thus oxceflowing the initially amumed so'ely
elastic region.  The elastic solutior » recomputed
and the process ileratad to convergence. The
important feature i that there ‘s & linear olaatic
field equation outsade the enclave and s nottlinear
plastic fiell equa‘ion inwde; the problem is to
jocate the boundary of the plastic enclave
Jecobs (2} has cxtended this technique to the
problem of an externally cracked tensmle bar
subjected to plain strain, and recently Stimpson
and Faton i) have applied thw mothod to an
externally cracked plane strem tensie specmec
The thin sheet or plens strems solutiwr = of
particular interest, ard later in the report the
results wall be compared with the ywld regions
experimentailly delsrnuned :n this study

As plasiic firw ard the state of sirvm ang sirun,
both microsome and macrrascopic. are somehow

intimately related to the processes of [racturing,
the next logical step would be to try and incor-
porate the results of the ideal plastic and elastic-
plastic analyses into various fracture conceptr.
At the present atate of knowledge this appears to
be a rather ontimistic step; nevertheleas, acversl
investigations have made advances in this direc-
tion. Williams () has recently proposed a ductils
fracture criterion for the tensile case with the aid
of cinstic-plastic stress analysis. With the aid of
Stinipson aind Eaton’s analysis, Williams accounts
for the strain energy of forming the plastic en-
claves and applied this to the Griffith energy
balsnce in developing an extendxl form of the
Griffith criterion for a thin plate with an interns!
crack.

Hult and Mc(lintock (10) kavc performed an
eclastic-plastic analysis for the case of a notch in
a semi-infinite solid subject to pure shear. The
material was assumed to be elastic-ideally-plastic
and from the analysis the radius to the elastic-
plastic interface (R) was determined for low stress

levels to approach
R=¢ ('T'. )t.

where ¢ is the crack length, r is the applied shear
stress, and v, , is the yield stress i1 shear. Me-
Clintock (10) later postulated s corresponding
condition for fracture which stated that fracture
orrurs when the plustic st*ain throughout the
distance p directly nhead of the crack reeches a
eeitical value y.  The distance 5 is related to the
strurture of the material, being sbout the wmze
within which the dassirs] theory of plasticity no
lonper applies. and the strain v i the plasicc
strain at fracture in the ordinary tormon test.
Cotirell {12 has recently treat-4 the sheer case
for a shary notch and has eeived o vory siniler
expromson: [or 'ow stress levels s follows: )

R-;-«'(p:-.-)'e

wheee the symbols have the mine mesiing 8 in
Equation (1). He propome & :nodified Gnfith
fracture concept where the surfece tenmon torm
repleced by the work expeaded in plastic deforma.
tion which iz equal to the yield stress i~ shear lamnee
the displacoment sl the notch tip measured in o
direction mormali 19 the Up of the notch.

Necuber (13) has presenied o theoretirnl treat-
went for the strems roncvatration fectar o the

1%

Eq. (1)

Eq.




Tasie 1.—Chemical analyns, PPM

! i | ! !
coamtTioy e ol ox b ow sl
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Asrolled prior to anncal- ! i

ing. . e eeeia..... 105 50
Wrought, stresc-relieved . | 205 | 11
Anuenied, 1,300° ¢ -} he P 173 0 47
Aniealed, 1LRN® .~} hr ! 101 0
Annealed, 2106° C -1 hr 69 12

] B
At ! Fe II Ca

plastic range. His mode! is based o 2 nonlinear
stress-strain curve rathe: (han the usual elastic-
ideally-plastic relation. Solutions at present are
available only for sharp noiches having a 0° flank
angle loaded in shews.

MATERIAL AND SPECIMEN
PREPARATION

The wrought stress-retieved tolvbdenum was
supplied by (limax Molybdenum Company in the
form of 0.061 inch gage sheet. The recrystallized
sheet molybdenura was fabricsted by the authors.
The composition of both the wrought strees-
relieved material and the recrystallized taaterial is
given in Table I All of the carbon analysss and
the analysis of the as-rolled matenial prior to the
anncaling trealinents xus perfortued by spectro-
gruphic techiiques. The gus analysis on the
wrought siress-relieved material and the recrystal-
lized material was done by vacuum fusion
techniques.

The processing history and stress-reliel treat
ment for the wrought siressvelieved material
ws fallows:

1. One ineh thick recrystallized sheet bar waa
rolled in ton pesses at 2.180° F (1178° ¢,
with six reheatings, 10 0.242 inch thick.

. Antecaled {or 30 munutes nt 2,130° F (1,178°
¢
Rolled in rione passes at 2.050° F (1,120° ),
with sever. Jehoatings. from 0.242 inch thick
to 0.120 inch thick.

. Rolled in 16 pemen ot 650° F to T00° F
i345° C 10 370° (1, with 13 rebeatings, from
0.120 sach thick to 0.06! inch gpage

5. Heated for 15 minuten ot | 260° F :080° (-
in 8 netursl ges fired furnsce

The startizg meterial for the reeryatallized sheet
specimena twe a ungle ingol ! arccast molyb-
denum prey ood by (Yaxax Molybdennm (om-
s>exy.  The billet, three 1aches in dismeter end
fiv~ inches 0 borgth was oxtrneied into cheet bar
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2.5 inches by 0.5 inches. The extrusian billet
wis chamfered to an 88° included angls with s
1.125 inch diameter flat nose. It was then con-
pletely sprayed witk s glass lubricant. ‘The giass
coating was 0.030 inch thick. The die material
was & high speed tool steel, which was faced witn
ajumina  No lubricant was used on either the die
or the container. The follow up material con-
sisted ~f a 2 inch graphitc block plus a 1.5 inch
glass coated copper block. The billel was heated
in dry argon to a temperature of 2,200° F (1,205°
() and extiuJed in one pass. at a reduction ratio
of 6:1, 10 sheet bar. The extrusion pressure was
452 ous and the ram speed was four inches per
second. The yvield 1n weight percent was 92.

The extruded shect bar was then cut into eight
2.5 inch square blocks and preheated in an argon
atmosphere at 1,800° F (980° ) for X hout
prior to rolling. The blocks were crom rolled in
five passes W0 & width of 3.5 inches and then
rolied in a longitudiral direction to a ihickness of
0.060 inch. The specimens were rebeated in the
furnsce after each pass. 1t took ihree minutes o
ot the specituens back to tempersture. The
tota) reduction was 30 percent, with & reduction
rate of 10 peecent por pase

The sheet material wes lhen maclined wnto
tenml specimens and subsequently annealed. The
recrysiallization anr:aling trestment, gsovided o
completely tverystallised structure with three
differont grain siars. The three annealing treat-
renta wore 1.300° C 12372° F)_ 1L.800° (* (1272°
Fi, and 2.100° (* (3.812° F1 -all for one hour in
e vacuum of i} microus. The specimecs wery
rooled sl a relatively fasi rate by shutling off
the powe o the fumare. The lame 1o teach
rooe: tomporsiure wae epproximately one hour
and the moling rate was spprocmately 200° ¢
ot minute sdnwen 0 8 . The grein wse and
micrchardnems data s~ Ziven in Table Il The
hardness delorminstions weee made with 8 Tukon
Hardnem Testcr uang 8 136" daanond ponciretor
#ad 2 0 5 kilogran Joad




TaBLE IL.—CGrain size and microhardness data
!

i
G-ain | Hard-

i Grain
Coudition size, diameter,  ness,
CASTM mni bPH
Annealed, 1,360° C—1 hr_ . 67 0. U4 : (R
Annealed, 1,800° ¢ -1 hr_ . 3 0,152 184
Annealed, 2,100° C—-1 kr_ . 1 0, 225 175
Wrought, stress-relieved . ... Sl 270

Material from gape scction of ~mooth tensile speciiven
ufter fracture

I T T ! o
r

Annealed, 1,300° C—" he. .. .. ... ___. . ... 230
Annealed, 1,800° C—-1 he.. ... ... . ... 183
Annealed, 2,100° C—1 hro oo L0 oo 176
Wrought, stress<relieved . _ _ _i_.___ .. S

270

Fravre 1. Unnotched, notch-d and tandem

sheet tensile apecimens.

notched

The sheet material was machined inte smootiy
and notched tensile specinens as shown in Figure
L. The notches were machined by mill cuttors
with a 60° included angle and the following root
radin: 0,030 inch and 0005 inch. The senn-
cireular noteh had a 0.157 incl radius. A 30
pereent noteh depth was used in all cases.  The
noteh specimens were lightly ground o both

sides through the notch region, to provide a good
flat surface to which a birefringent coating could
be bonded. The tandem notch specimens for
the recrystallized material contained only the
0,005 inch root radius notch. The tandem notch
specimens for the wrought stress-relieved cond:-
tion contained both the 0.005 inch and 0.050
inch root radii. The 0.157 inch, 0.030 inch, and
0,005 ineh root radi provided the specimens with
the following respect'.ve theoretical elastic stress
coneertration factors: K,=193, K,=3.7, and
K ==83.

LQUIPMENT AND TEST FPROCEDURE

Allof the tests were conducted at roomn: temnpere-
ture (78° F) (26° (). The tandem notched and
unnotrhed tensile specimens were tested at a
constant crosshead speed of 0.005 inch per minute.
The notched specimens were tested using load-
unload techniques. The smooth tensile tests were
conducted on a ‘hard” Baldwin Emery SR—4
Testing Machine, Llodel FGT; the load-strain
curves were autographically recorded. The flow
properties wete obtained from strain measure-
ments, bevond the flow stress, determined by
measuring the extension of one inch gage marks
with dividers. Maximutn loads and fracture loads
were recorded for all specimens.

The notched tensile tests were conducted on
w hydraulically driven Tinius Olsen Universal
Testing Machine. Initial yislding in the notch: 4
tensile specimens was studied by using phato-
elastic coatings. A piece of Photostreea' plastic
which had been machined to the same notch
geometry was bonded o each notched tensiie
specimen. The Photostress plastic was 0.04%
inch thick and great care was taken i, machining
the plastic 10 the cxact noteh depth of the metal
specimen. The same miil utters wers used to
machine the noteh in the plastic as were used on
the moiybdenum sheet material. In bonding
the plastic to the specimen care was taken to
remove ull excesy adhesive from the notch root.
The total shear strain and rcsidual shear strain
in the notched aection was analyzed by taking
A successive seriea of photographs through the
analyzer of the polariscope as the specimen was
loaded nnd then unlonded. Thia provedure wes
repeated until the plastic material berame ur.-
bonded from the sperimen or fracture occurred.

' Photostnss  plastic is a commerns] photoclastic
couting mrrketed by tne Hudd Co.. Phocnixville, Pa.
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Only in the erse of the senn-cirrular norched
specimens did the plastic meterial beeeme un-
hond «d prior to fracture.

Photoelastic contings were not used the
tandem noteh specimens.  ‘These specimens were
electrolytically  polished und chemieally  etehed
prior to testit - Photomicrographs at 100X
were taken of il notched regions prior to and
after tensile teating.  The sime eleetrolytic poi-
ishing and chemieal etching procedure waz used
for all of the photomicrographic work and eteh
pit studies.  The specimens were elecirolyvtically
polislied for 50 secords ut 3 vohs (current ur-
knownd in an electrolyte which consisted of six

on

Tamee 1.

parts methyl alcohol and one purt concentrated
sulfuric acid. The specimens were chemically
et~hed by immersion for approximately five
seeouds in a solution of potassium ferri-:yanide,
sodium hydroxide and water: 10 gm K,Fe/CN),,
16 gm NaOH, 100 ml H,0.

RESULTS AND DISCLSSION
‘I'he etfect of noteh severity and grain size on
the niture of plastic How in notched shee: tensile
speciioens of molybdenum was investignted by

moans of photoelustic coatings. The nature of
fracture initiation in notched sheet tensile speci-

Tenstle and notek t-nsile propertiea of recryatallized molihdenum

Unnotehed specimens

- Total el Redurtion

Lower [UV S True
Specimen Annealin g Upper vield vield A U.T. N feacture (1" g1 in arva,
temtpn TC O slress, pi sbeess, pad i i - atrengty, - ‘e ; L
B 1
1g-F2 1. 300 i3, 406 12, 4t 4N L0 66, 80 137, 600 48 | 50
13 Fi 1. 300 4, oo 45300 0 N 200 65, 800 146, 000 50 ]
In-IN 1, 0 7. o 12T 13, W0 32, 5300 52. 500 ([ 0
Ix ¢l 1. NOO R A R 449 300 19, 500 q 0
2 I 2 100 41, 300 10, b0 550 . . . . 7 0
2R 2100 30, 0 2%, 00 10, 500 a4, So0 33, s00 o 0
Notehed speeittiens
Neotch Nuteh Noteh ~ Shear
Topw o! vielt tensile frarture  Reduction  strain at
Spwecimen Antealing nateh L] sirength.  strength,  strength, inarce,  ncteh root
temnp, *C amcimen =i i pi ‘e at frae.
ture,
13 ¢ 1300 Thodem a3y (LT i oo [
13 A+ V3D Tandem .~ 3 . LA LY 4 V] ) ...
13 In [ ] a3 32 36, uon 36, [} [ g ¥3
1§ H2 1, 300 AW | 31, vou % ey 36 Yo [ o
13 B3 1, 300 7 A ooo R} {00 &3, 400 4] .
‘3 Kt i, 300 A7 50, 300 61 490 oy, 400 4] t €8
11 G2 1 100 [JCN ] i3 Too bR T TN YO ) 9 i A N
13-4t 1. 3a0 . 1 a3 83 00 3, oo 4, WD 10 - ~2l0
(LS B 1M Tandem L ] 34 4 1 0 (] .
1s Al 1M Tatden LY | *39, 600 0
1s I 1, "N s1 31, o0 3, 000 | ) oo a an
s 1 1, MOD %3 12 oo 34 T 4, Too 4] a¥
1s Mt [ ] 17 3 300 Feacture at pia halr .
15 Rl \. 00 37 i, o0 33300 a3, 10 [
g 1. 00 - t 17 Mwn 8% 30 &8, Guo 1a
1% 12 1. 1t a3 32000 Feaciure al pir hols
21 AX 21 Tandem 53 131 e 2. 600 o
U A2 2100 Tanden L ) 1 & 12 600 [
1w 2 o0 X3 15 600 13 600 [+
PO 5 4 2 o0 Y § 1, 00 36, D 18 0 0.
k1 vl 2 10 A7 I3 'w Frarure a: pan bale
o2 2100 X7 34000 Fincture at pon bar
M Gy 2 'm0 b uy 33 30m i GO0 45 @00 u
n m 2 .00 i st Fracture at puc halc
*peeymen may oracked ey of to teet
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mens was studied through the use of tandem The tensile and noteh tensile propertics of re-
notch specimens.  All tests were conlucted at  ervstallized und wrought stress-pelicved n olybde-
FOOm temperaiure. num arv listed in Tables 111 and IV respectively.

Famw IV Tense and noteh tensile propertsss of wrouaht stre arelieved molyhdenum

Unnotehed specimens

UUToN psi True fracture Total el (1’ Reduction in
~trs neth, psi K Ly . aren, )
)

LENY, (M) 11, ot 1625, NOO 20 56
107, 1K) 114, 300 165 800 50
100300 112, o 158, 200 5

Notciwed spoecimens
Type of . Noteh vield Noteh tensile Naoteh Reduction  Shear strain
Specitiaet: reteh . fracture in area.'y  at notch root
spreeiten strength, psi at fracture, ¢

Tatulemn R NT, NT.
Tande

Tandem

Tandem L
LU
101, S0
103,
LI LY

toorege Mechanieal Property Drata

Uniwiched qpecuncas

Aancaitng temp 0 LY Nom U T ¥, True [racture Total ol
strength pei (" gl

1. 30 %,
i, S0 38
2 100 .
Wraght S K 13y,

Notched apwc mens

. }
Noteh vt Not aerath Notch fractury | Shewt sirain at
Ararabig torey: "0 “trength, stevngth, fut strength, pwi woteh foot al
tracture,
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Frit e 3. Xtrecsostrnin curve for wrought stresacrelieved

taolvbdenum.

The average mechanical property dats am pre.
sented in Table V. The shear strain data, pro-
sented in the tablea wav determined from the
photoclastic coating atudics.  The  stressstrain
curves for the neervstallized and wrought streas-
rehieved tiaterial are shown in Figure 2 and 3 re-
speetively . Fieure 2 illustrates the dramatic e, et
of grain size on the flow properties of recrvatallized

molybdenun.  This behavior is in good agreement
with the findings of Johnson {1}). The fine grain
size material exhibited over ¥ percent redaction
in area (R. A.). Prior to fracture while the two
larger gran size materials fractured at the maxi-
mum load point with ¢ percent R. A.

The data on the sinooth tensile specimens i
Table 111 show that one of the large grain size
specimens (spee. 21-D2) had exeoptionaily high
vield and tensile streagth values.  Both of the
2,100° ¢ anncaled specimens were found to have
the same grain size and a cheinical analys's check
revealed thai the O, N, H and C levels were the
same for both specimens.  The specimen which
showed the anomalous behavior was obsirved to
Lave a much more pronounced yield point and a
rippled irregular surface in the gage length. No
sound explanation for this bahavior was found;
hewever, it may possibly be an effect of orienta-
tior.. Recent studies by Rose, Ferriss and Wuff
(/31 on the vield and plastic fow behavior of tunz
sten single = stals found the proporticnal lunit to
be a funetion of orientation T.ey found uhat
ervstuls whose tensile axes were near the {110] di-
rection. were abouat three timmes as strong as {100}
ervstals. It was also found that {110] crystals dis-
played vield phenomena and strain harden little,
whervas the [111] and [100] orientations yield
smoothly and showed considerable strain harden-
ing. Whatever the reason may e for the ob-
served anomalous behavior it was felt that these
data should not be included in the average base
line data.

Before discussing the results in detail some gen-
eral observations should be made. In all of the
specimens tested, fracture was observed to occur
by transgranular cleavage. This was true even
for the smooth tensile specimens of the fine grain
reervstallized materir! end the wrought stress-re-
lieved materiul which exhibited gross plastic flow
prior to fracture. All of the notched and un-
notched specimens of the wrought stress-relicved
material were transverse to the rolling direction of
the sheet. 1t was observed that for all of the ina-
terial conditions tnere was never sufficient plastie
deformation to cause an increase in the notch
root radius for the sharply notched specimens
(Ki=8.3). Only for the fine grain recrystallized
material was there suficient plastic strain to cause
a alight mereass in root radius and slieht dimpling
at the noicl: root for (K,=3.71.




INFLUENCE OF NOTCH SEVERITY ON
STRENGTE PROPERTIES

The ¢lleet of stress coneeptration on the noteh
streigth ratio noteh tenstle strength dividd by
altimmte tensiie strenych s ilusarated in Figure 4.
The notch strengsth rati~ (NS Ry 14 observed to
increase (o a maximun, vilue at approsimately
- 2 and then decrease Withh inejensing stress
concentration factor for all material conditions.
There ure several interesting {eatures nbout this
diagram. It is first notired that the degree of
notch weakening at the highest stress concentra-
tion fuctor is not very severe. For a truly brittle
material elastic theory predicts that the NS.R. -
1K, This behmvior has in fact been experi-
mentally obzerved for at least tv-ostructural alloy.
(1655, It is readily seen that none of the materinl
conditions investigated approach truly brittle be-
havior »s defined nbove. This must be explained
by one of two reasons: (1} the material dees not
obey the maximum principal stress theory (the
fracture strength is a material constant); or (2)
plastic deformation, either macroscopic of micro-
scopic, precedes fructure. Inlight of much experi-
mental evidence it seems very likely that plastic
deformation prior to fracture is the governing
factor. As macroseopic plastic flow was not ob-
gerved in the two larger grain size materials, local
microscopic plastic deformation must oceur.

The observation that the N.S.R. decreases with
increasing vulues of K, is readily understood from
the ghservation (17) that the biaxiality of stresses
at the notch root ircreases with increasing K,
The increased biaxiality of stresses causes a lower-
ing of the shear stress (which is equal te half the
difference of the principal stresses) and, therefore,
plastic flow is inhibited. thus the maximum tensile
stress 18 not relieved und increased hydrostatic
stress conditions promote fructure at lower applied
stress levels. Stroh (18) has offered un alternative
reason for notch weakening. In explairing the ob-
served increase in traasition temperature with
notched specimens, Stioh reasons that the in-
creased plastic strain rate in the low rogion at the
root of the notch is responsible {or increasing the
transition temp-rature. Although the eilccts of
strain rate and biaxiality or triaxiality of stresses
may be equivalent, the quantitative relationship
between the two and their effect on notch weaken-
ing has not yet been able to be demonstrated.
In the present work the method used of loading
and unloudine to cbserve the flow pattern would

638418 0—82——14

seeln o miniaize tae effect of strain rate and fuver
the binxielity of stresscs reasoning.
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FiUvRE 4.

Another curious effect which iz observed in
Figure 4 is that almost without exception the
materizl which showed the least duetility in the
smooth tensile tests demonstrated a higher value
of N.S.R. jor cach respective value of K, This
is in contrast to usual observed effect that the
more ductile materinl will have a higher N.S.R.
{or a given value of K,. Tt should be pointed out
that the eriremely high value of N.S.R. for the
large grained material, A,=:193, is not thought to
he valid. This point is based on only cne speci-
men and this specimen was observed to have a
roughened rippled surfuce ufter fracture, similar
to that observed in the smooth tensile specimen
of the same grain size described earlier. Following
the same reasoning it is felt that the notch strength
value is too high and not representative. How-
ever, the trend of higher N.S.R. values for the less
ductile materials may still be valid. This seems
difficult to believe in light of the amount »f
evidence to the contrary. imgram et al. (13)
have shown for molybdenum und other refractoy
metals that the N.S.R. for a given notch geometry
decrenses as the material ductility is decreased
with decreasing test temperature. Weiss (17) hus
found the same bohavior on several high strength
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sheet alloys  Becwune of the observation that
NN R decrenses with decresstig ductility whether
due to decreasing test tempernto v or inereasing
strms boavinlity Guctensing K Weine concluiies
that noteh sensitivity. as indicated by NS R
VS R curves s ‘ndicator of all ductility
chunges regardless of thetr nature Beenuse of the
limited duta ey able in this study i os felt that
many more tests must be pedormed Defore this
behavior con be confirmed. It oalso must be
remembered that the material ductility in this
study was varied by changing the grain size and.
theretore, the behavior demonsteated here ey
well not be w retlection of fensile duetility, s the
brittle grain boundary filin in the larger geasn size
material is <urelv playing an important role in
governityg the fractore behavior.  Thus when the
material is sufliciently embrittled, the effect of
increasing the noteh sharpness on the niaterinls
strength  propertics mayv  become of negligible
importanee.

The noteh strengthening effect in the mild noteh
region (K, ) although widely observed is not
well understood.  Beeause it is observed on such
a wide range of metals and alloys it nust be con-
nected with the particular state of stress of this
noteh geometry. Voorhees and Freeman ()
have also observed the <ame behavior in creep-
rupture studies of notehed specimens on high
temperature alloys. 1t is alse observed (1) that
round bar specimens with the sane noteh geometry
demonstrate a greater noteh strongthening offect
than sheet specimens.  Therefore, the mechansin
of notch strengthening is more responsive to
trinxial states ol stress than biaxial states of stress,

EFFECT OF GRAIN SIZE ON
STRENGTH PROPERTIES

The effect of grain size on the vield stress.
frnccure st:oss and noteh fracture stroee is illus-
trated in Figure 3. The fracturs stress and vield
stress curves are seen to follow the peneraliv
observed lineai dependence with (grain size) 7
The notched fracture stress (fracture load divided
by croas sectional aren at fracture) curves do not
show this same dependence. In all the tests
conducted on bath notched and ur notched tensile
specimens, for all of the material conditions, no
micro ‘racks were found which wers not a result of
the 'racture process itaell. In the tandem notch
speciiaens which were polished and etched prior to
testing' no surface microcracks could be found in
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molvbdenum,

the unfuiled noteh section. These sections were
subsequently  mounted und  metallographically
examinmd throuzh the sheet thickness and again
110 microrrucks warg obaerved. The smoath tensile
specimens  were  metallographically  examined
through the sheet thickness after testing and only
s very few micrae-acks were observed and theee
were immediately ndjacent to the fracture surface
and quite apparentiys orcurred es the result of
fracture. These few cracks adjacent 1o the fracture
surface were found onuy in the 1,300° C and 1,800
C’ antealed materinl and none were observed for
the 2.100° (" annealed material nor for the wrought
sucm-relieved material.  The cracks foun? in the
notehed tensile specimens for all root radii, wers
lange secondary crpcks reaulting from the fractur
process.

The dutde-brittle transition tempers ure ‘or
temperature range) for molvbdenum hes been
shown (2/) to be about room tewnperaiuee. The
ductibe-britile  (ransition tempersture ax doter-
mined in a smooth tenmle test 1w usually defined
as the ten:perature at which the reduction 10 ares
curve \ersus trst tempersture drops repidiy




The travmtiot tenipeesture can be rumed by,
Merenning 2Taid size, strain rate, v temstitial con-
tent and by intawlucny: biavisl or timal states
of siress  Lingratn et w) . i1 hinve diown that
the transition tersperature of fine grain recrostal-
hzesd molsbdennm sheet 1w aneod fron aboot °
Coto 125 € with s e, with K, 4 For
wrotigh! stresa-relieves mobvhdenun sl vet they
vheerved an ncrense i teanatin temp eaties
trome a1t 1o e 02 € for the satne notehed
The two langet graim <ize mnterials in
this stuay Acimonstrated 07 pvduction in wrea.
Therefore, it ean w considerwl that for these
tests which were condueted at poti ten pe ature,
the wrough' stressereheved material was tested
agehtly above the transition temperature and the
tevedstallized mnterinl was testend shightiy below
the transition temperature,

More inpuortant thar the precise trunsition
reraperatiare under which each test was conducted
W the hnowledge of the winount of plastic tlow
which preveded fracture. Fiom the stress-strain
curves 1t ik seen that all of the smooth tensile
specitiens (ractuped bevond the vield stress with
varving srmounts of strain handening and totul
siemitt to feacture.  Therefore, none of the mate-
rial conditions was sufficienily brttle such that
micrueracks are foriind sultancously with plas-

ctashition

tie flow ut the upper viell point, as prdicted by
Wessel (220 i a yield niodel for BOU metals

exhibiting brittle behavior. likewise neither are
the fine grained or wrought stress-relieved coadi
tions sufficiently ductile as to fail in a ductile
fibrous manner. Thus, the type of fracture meech-
snisaz: described b Pelch (23) in which nonprop-
agating microcracks are joined by plastic teering,
nroducing o iracture of fibrous character which
contains some cleavage facets, 18 not applicahble
fur these tests.  The fractures accurring in thesr
samples are thus probably best descnbid as due
tile deavag~ or quam ductile cleavage fractures.
Thus, it & of interest to analyze the present
results it light of Cattrell’s (2)) theary o' deavage
{ractury.

In analynng the smooth tensile test data if can
be meen fron: Figure 5 that the lower »ield strem
follows the predicted relationship of Petch 25)
that ¢, —¢, - kd 7 1Eguation i1t |1 this equa-
tior ¢, zand ¢, are shear strewars (% of tie tonsbe
streeaes . and d 1 mqual to the half gran diamicter
1 thee cdata in Fagure 5 are plotinl asug shear
sircsscs and the half gram dismetes the fallowine

resuiis ate ohtage’ o, TN Ag ', i,- 1o+ o

dyne.en' s These values are n relaticely good
agreenent with the values obtained by Johnso1
o b o wolybdewun of approxiniately the same
party  Johnmon obtained valuesof ¢, - 5.5 kg m*
and &, G000 107 dynes e

In Cottrell’s 12,1 theory of hnttle fracture
duetile-binttle trwnsition eriterion is dorved on
# prain stz basis mather than temperature.  Ae-
corediene o tlas theory the hiniiting «otdition for
vinek tormation 1 gven by the relation in Equs.
ton 14, ok ' duk where 8 is # constant =
for sueple tension, 2 for torson and approxi-
inately 4 for the plastically constrained zone of
a notel, u is the shear modulus and A is the
effective surfuee energy for frscture.  When th
left hand sude of Equation (4) exceeds the right
hand sude britthe behnvior is expeeted as the yiekl
stiess is more than sufficient to cause the crack
to grow into u complete fracture. When the
left hand <ide s sinaller than the nght hand sade,
ductife  behmvior 18 oxpeeied. The  fracture
stressas uare also obeerved to fit the inverse squar-
roat law  From the intersection of the fracture
stims curve with the lower viehl stress curve the
transition zruin clinmeter s found to be 0.25)
mm which is just slightly lurger than the largest
grain aze Nl in vhis study.  Thus, sccording to
this grain size transition cntenon sll of the speci-
mens tested are on the ductile side 2f the transition
point.  Equation (1) therefore, provides a means
for estimating the offective sutface energy (A}
for cleavage crack initistion. Using f=l, p=
1225 1trkg mm?, ¢, 103 kg'mm?, k,=3.0x10'
dynesiem®?, and 2l <028 mm, we obtain
A =2900 ongs'em’  This compares with values
of 8,000 ergs em? estimated by Cottrell (21 and
12,000 erps‘em? estimatedd by Johnson (7). The
thraretical sutface tensinn of molybdenum has
been caleulated by Taylor (%! to be 2.240 crgs’
em?; therefore, apparntly the offective surface
encergy [ eraek inttistian  in molybdenum,
accanding (o the aboxe eriterion, is vory close to
the true sudare tenmon. [y should be cautioned
that the Cottrell grain aze transition cniterson
1 defived from a riedel which states that a
cleavage crack 16 form—d within a grain by the
Junciion of twe mterscting shy planes Al of
the fractuns i this study wete obmerved to
matiate  at grain houndanies.  therefore, the
vhitenion maxr fot be applicable for these tosts
1t shoald alen be mentioned that Cottrell predicts
tha: on the ductil~ ade of the teanpsition point
thic fracture ctivss shnuld increase bneardy, with
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d U abong w e which eviempolates baek 1o
o, O w00 Ths oo predicted from the
duetibe elens g s fractore expressien

€.

"‘f';*./ E Eq 03
whery v, n 1l daenle .lwnugv fracture stress
Fooean b seen i Fizare 5 that shhough the
frncture tress plot s hear ot does not extrapedate
buck to the o Another pont of interet
hero s that the Cotteell Jheory prstiets that on
the duettic ule of o sransition point, wheee the
left hand stede of Bguntion 3 15 stnaller than the
right B ~tdel s cxpected that merwerneks
will farm but not prosagate. Such non propa-
gutin icroerachs have been aleerved 56 stedd:
however. it was seen in this study that ne such
mitroercks were found. s ~l|ggu'~lmx there-
fore, that although Fgquation (3 niy adequrtely
deseribe the limiting condition for vraek aitintion
froon shp hands i steel, it may bot ha oo peneral
applicabibity 1o all BUC e als As nany other
studis have <shown. the  precise  relationship
between hetetugeneous plastie flow and cenek
nuclention s an extremely complex and unchear
stie 1t ulso sems reasonable to expect that the
relationship between distocation movement and
erk formation at gram Lonndanies i< even maee
complex than in the interior of the grain. Tt
alco noted that only in the case of steel, and these
data are hiciated, has thees been adequate experni-
mental verifirntion of the ductile cleavage fractune
relationship, exypresed ain Eyuation 130, whielh
preatets tha' the fmcture stress carve <houid
extmpalate to the ongin

It s of interest now . treat the same sdata by
the LHinfhithd kowan (Fo z‘"ﬂr_\‘ of fracture The
GnfithiAvouan  treatinenn of bnottle 20
describes the comditinns fo  the propage..on o
el-avage fracture froc: peee sting cracks The

encrgr termn P oan the Gnffitn{rowan rquation

[
o

w the effective surface cnersy for spoutancous
crack ropagufion tea wltnunte fracture In oo
study of the eflnctc of mirrost « ture on bnttke
fracture low (25 hae shonn st the emack
length ¢ i Fquatien 16: for » podvervataline
matenal nugnt be rypeet <l to e egual o propor-
bonal to the goar: saze amd t} ervforc, from F,l]un-

HETS T o
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the fracture st vea should vary as the

b1 )

gruin sige- " He demonstrated that tiis was
expenimentally the cuse for o low earbon stedl
testedd ut 193° C Thus, of the crack leongth ¢
1 anstned equal e the grain s.ze o the Gk
Orowan relution for spontanecous erack propags-
tion "+ eud" = constant, and thus /2 i« n mnterial
constunt for a given set of test conditiors.  This
relntionship nbo predicts that the fractire stress

curve should extrupolste 19 zero at ==,
From Fumure 5 it appears that the relation
224" - constaat s satisfied;  howeves, af  ae

wssunie e=d aned from Equation (6 cal ulate the
value £2 for eacl grmn size we i that e values
of £ are 1SS 108, 01510, and 35810
erys e for grain dinmeters equal to 0012, 0,152,
and 0225 i respeetaively.  The largest varation
haing  factor of 3 However, from the metallo-
graphie evidenee we cannot make the astsumption
that ¢ =d, us no microcrucks were observed. A
better assumption would be  that tie eritical
erack size for this material nast at leest be
sinaller than the smallsst grain diameter. Lot us
arbitrarily  wssutne hen that the entical erack
sze & oequal o Y tne smallest grain dimneter or
e 02 mm When ¢ is assuined ecnstant equal
to 0.2 e, the values of P from Equation (6)
for the smallst to largest gruin dimineter respee-
tvely are 900 LI and 3.3XKHP ergs
Tius, e eflective surface ecnepgy for
crack propagation. appear to be about 10* engs
e which s one onler of magnitude lugher than
the offective surface encegy for erack initiation.

This indicates that the resistanes to ecrack
propegation s grester than the resstance to
crack initintion.  This vas shown by Haku et ol
127 to be the cuse for cleavage microcrack initia-
tion and propagation in steel tested #i low tem-
petatures. However, o nonpropag tiug micro.
o+ irks were observed in molybndenun, but were
ohaets ol by Halin (o "he studies on steel. Thus,
the wbove statement that crack propagation i
wolvhdenum is tvore difficult than crack imitiation
wiay well be ertoncous. We can, with equal
vality, assurie thzat the enitical crack siee 1
snalier than § the sinaliest gras diameter.  1f we
choose « - % the smallest grain dismetor (¢-~0.01
non 0 we find thet the repeetive valur: of P are
45410 6+10° and 263 10 cegeem’  The
oflectave surfacy cnergy far crack prot agation s
now the same oniier of imaghitude as the effective
sarface cnergy for crark intiation.  Theeofore, in
agreement with the cxperimental finding that no
ronpropag:. ting microacracks  were  olmereed, it
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nore cortectly appeans that the resistanes 1o
crnck propugution is about the sam- «r the resiat.
anece o ernek intiation for reersstallized molyh-
denum at room tempersinre.  The observition
that the effeetive surface energes for fracture wn
s nearly equal to the true sut®aee tenston, indi-
cutes that utuler the propes test conditions peerys.
tullized  molvhdenum  wuld exhibit very  low
energy fractures

It must be poited out that 72 the Griflith-
Orowan equution is 8 materisl constant for spon-
taneous crick propagation only for & riven set of
test comditions and doex not have an: geneml
stymificance.  As was pointed out by Lovw (28
i3 composad of two components, the energy of
deformation for the forumtion of cleavage stops
within the gruin, and the energy for sheer defor-
matwon requiced to join adjucent eavages.  The
energy for shear deforivation ix much the Inpyger
component in the vatue of §° The value of I
will. therefore, reflec: the mtio of number of
sheared crystallites to cleaved crvstallites.  Thus,
as the vicld strength is mised or lowered In de-
creasing or increasing the test ter.perature this
mtio and thus the value of 7? would be expected
to change.  The reiio of shenred to eleas ed rovs-
tallites would alse be expected to be strongly
dependent on grain size as the wrin boundaries
wel as strmne barriers 10 the pronesston o eloaye
The olservation that grin bound-
aries act as barners to the propagution of cleavage
crachs > wel! lustrnied in Figure 6 This figuee
thous a secandary erwck. which emanated frov,
the fracture surface. pmpagating from left to right
The shift n crientation of the conek fmm gran (o
gran is also readiiy observed  Owen, Averhach,
and Cohen (301 in studying the brittle fmcture of
mihl steed also peinted out that 7* shoykl be o
function of groin size The results showing that
P anerrazed wntk decreasing grain siae. although
anly dighthy | suppe ots this arpument

nge ccke

FRACTURE INITIATION

The tandet notch speciinens were used n
order 1o studv the location and mode 0f fracture
ntimtwon The temirin potch speciinns were
carcfully mackizned such that the langest venation
i potel. depth was 0003 mch  Thus, when
fracture occurs the state of stress and stram ar
segree of plast.c Bow thet eyists in the unfinctursd
notch section, 1w that which raiste just pror 1o

fracture Al of tiie tatndem noteh gpeciinns were

electrolytically pulisbed and chemically etched
prior o testing.  Photomicrographe at 100 x were
taken of wll notched regions prior to and after
tensile testing. The results of this portion o,
the investigation tevealad that 1y vinible plestic
deformntion t: ok place prior to {racture for any
of the materinl conditions with the sharpesi
notels (K, - R31 As bhoth  the fine  grainad
vervstallized material and the wroight str-s.
tedieved materinl were observed to undergo over
M pereemy Feduetion in wrea in the unnotehed
tensile test, this illustoates the extreme effectives
ness of a noteh in restricting piastic flow pror to
fracture  Tandem noteh specimen: with a2 0.030
ineh root racius (K, 3.7) were tested only for the
wronght stress-relieved  punterinl condition.
these tests a slight smount of plastic deforiation
in the vicwity of the noteh root was observesl,
however, this amount of deformintion was insuf-
ficent to cuuse an inerense in the noteh root radius.
t wux noted that the greatest amount of plastic
defortuation ocearred i regions wwany from the
hottom eenter of the noteh rovi.  The reason
for this behuvior will be diseussed in a later
section, [t was alse cheerved that the fracture
origittatesd a1 the bottom of the noteh root i the
region of least plustic flow.  All of the [ractures
in the recrvstallized specitions cxecpt sne were
aherrvmi to initiate ot aenin boundaries. The
fructure which did wet originate al a grain
bayndary was found to initinte at an irregulanty
i the root of the notehi. Al of the fractures
were found {0 oceur predominately by trans-
grat.ulur cleavage crack propagation.  Even when
the erack sppeared oceasionally to be inter
granular upon cluses cxaenination it could be
founsl that the erack merely ren wijsrent to the
grain boumdery bhut not through . This &
iliustrated in Figure 6 These observations are
i gowml agreciuent with thosr of Rechtold i3i.
who observed that fractures in polyerystalline,
wredyhdrenus, mobium and tungsten aliost always
start at g1.in boundarics, although the fracture
nay oropegate alinest eutirely transgranulaciy.
Two of the speciimens wers studin! with the anl
of high spee] wotion pectures in onder to detes-
e the mmde of frcture Suliation. Spectinens
21 H2 and 21 E2 (N, -37) which had pre
vioush failed ta the pi hole werr tested sguin
at a very high leading rate and motion pictures
of the notch s~ction were taken at 3000 frames
prr seconid. The &l of speamen 21 H2 re
vewdt that  apparestly  the specimen  broke
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A bractune <arfeee and secondary erack, 100X

Frotwn 60 View o0 Lacture suefaee a0 and secondary

sinltaneorsly across the entire noteh & ction
and  no nitistion phase cathi be detected.
Fracture in speetmen 21 B2 owas observed to
intiate at the surface of one of the noteh rovots
aned propugate across the noteh section. Fron
thie Bin speed im0 these tests the approaimate
tene for fracture to wecur was found to be 100
sevumnfs.

Cleaynge fuecis for ail of the nwlerial conditions
wore eaamined aidd topienl eleavage step nver
prtterns” wete plsreved

In atten pting to locate the precise wrian of
[rac’ure at the notch voot, &t was found that
sevaral regrons through the thickness adjacent e
the noteh roo, appranst to be the intintion site
These sites were found by foilowing the “nver
patierns” back to ther common geneas o all
cases tins genesss was found to be a grain boutcdany
Crassant, et al | (32 1 an extensive study of th
nature of bottle fracture i voteh Bupact tests
foriml th's sarw behavior  Investigsting  the
fracture surface i the repron of the notch, by
ectron nucroscopy. they fou wl that there was
na unique prant of ongin i all portions of the
fracture and that cracking was assooatel with a
wnec of surcessve aimtiations They  ohservet
that the dirvetions of nivers and microtears werr
quite random but okl e groupal acound a
numb= o “bhurst crter~s T frome whaeh  the
fratuie ot rsdie Gl direcisons e
apprare then that  fractare mitiates ot the
votch ruot thruugh the jomn g of a number of
separate nerocracas which  forn alimost
annuitancousiy
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thy Secondary crack, S00N.
eracks (&) and (v LS00® C annealed macerial.

These nsults emphasize the pertcone: of the
intergrsnular carbide precipitates in controlling
the [ractur. bebavior in reerystallized molyi»
denum That the geain boun:” oy filim 1s assumed
to bhe carbide percipitates 13 readily urnderstood
froud the chemicnl analysis of the reerystallized
specimens.  The chemical analysis also shows that
the vacuusn  anncaling  atinasphere  effectively
lowers the gas content and ey also retmove part
of the carbon. From the molybdenum carbon
phnse dingram of Spacil and Wullf (33), it s
apparent that all of he spreimens were annealed
i the single phase terininal solid solution region
aml thus the power off cooling rate used in this
stindy was not sufficiently fast to hold the carbon
i solution.  That the carbide precipitaies are
responsible for the obwervnd low ductility was
dewansteatesd by Spaeil and Wulff when thex
Oand  that mwlvledenun. ware, with 100 PPM
corbon. when quenitiad from a 30-<minute annesl
st 2.100° C, and subsquenily tensile tested, hao
a ductility of 83 prerent reduction in area.

INITIAL YIRLDING STUDIES

The studien of wmtial vickding 1 the nolched
speepuens provkded hoth qualitative and quann.
tat.ve ini~rmaizon concerning the nature of plastic
flow price 1o frecture The vickding wss studini
by meemas of photoclastic coatings and ..rd-unload
technmques as desenibed i the seetion on expen-
mental procedure A {ew additional brief details
mzv be of value lo those unfamuliar with thes
technique When the specimmen umddet Joad
vicwnd through a refliction polanscone the fotal
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shear straing on the surface of the sheot ean he
determined direetly from the isochremmtie fringe
patterns.  An isochromatic is a line of constant,
eolor or line of constant magnitude of shear strain
(), where y=¢,—¢,.  The fringe patterns observed
when the specimen is unlon fed are thus the
residiinl or plastic shear strains oceurring in the
metal. The linear str: 1 optieal response of the
lastic used in this study was approximuteiy 3
percent strain, Thus, for deformations larger
than 3 nereent this technique is no longer valid.
In several cases it was found that the plastic
bonded 1o the speciunen enme off just prior to
fracture without cracking and it was observed in
all cases that the plastic exhibited 0 pereont
residunl strain; therefore, in all of these studies
the plastic strains observed were due only to
nlustic response in the metal.  The magnitude of
shear strain for each !ringe can be determined by
knowing the strain-optical coefficient of the plastic
andd the plastic thickness. For these studies the
shear strain per fringe was 2,960 microinch per
inch, or very nearly 0.3 percent strain. The
strain correction factor for the reinforcing effect of
the coating was caleuluted to be 1.008 and was
therefore, neglected. The isoclinies were also
determined.  An isoclinic is the locus of points
along which the principal stresses have parallel
directions. Zandman (34) hus presented in detail
the privciples of photoelastic coatings. A com-
parison of techniques such as photoelastic coatings,
etching, and brittlc coatings, used to detect
Lueders' lines in mild steel has been made by
Durelli, et al. (35).

The nature of yielding in the various notch
tensile specimens is shown by the ischromaiic
fringe patterns in Figures 7 und 8. With the
exception of the strain pattern in Figure 7(a) all
of the fringe patterns illustrate plastic strain
regions (zero load). These plastic flow regions
have been termed enclaves by Allen and Southwell
(7). In Figure 7(n) and Figure 7(b) the difference
hetween the total (elastic und plastic) shear steain
uid the pluatic shear strain is shown, for the
wrought stress-relieved material, and K,=3.7,
This photograph was taken when the nominal
stress in the noteh seetion (o,) was etqual to 057
pereent of the noteh tensile atrength fay - o).
Figure 7(b) illustrates that yielding proceeds
nway from the noteh at nn angle of 45° from the
horizontal nnd doea not proceed acreaz the minis
mum noteh nxis, The blaek region in the center
of the spectinen indientes that this section has

Best Avaiizole Goly

nhoul 0 percent shear strain. The observation
that the greatest amount of yielding emanates
and proceeds away from the minimun notch see-
tion cxplains the plastic fiow behavior in (he
tandem noteh specimen (K,—3.7), where th»
greatest amornt of plastic flow sceurred awax
fromr the noteh root bottom. The flow paticin
just prior to fracture for two of the wrought
stress-relieved specimens is shown in Figures 7 (r:
and (d). Figure 7{(c) shows the yield region for
K,=3.7, when o./onrs=0.995. We see thau
vielding has now procceded across the entire sec-
tion except in the center along the notch waist
where the strain is approximately 0.15 percent.
The plastic shear strain at the notch root is nov
1.5 percent. ‘Uhe yield region for K,=1.93, when
uloy r.5.=0.994 ix shown in (d). Here we see
that plastic flow has extended across the entire
notch waist, although the greatest amount of
yielding still oceurs away from the notch waist.
We also notice that the enclave area nearest the
noteh is now more circular in shape and not ax
pinched as it was for the sharper notch. That
vielding procecded across the entire notch waist
for the mild noteh but not for the sharper notch
is indicative of the lower degree of stress biaxiality
for the mild notch.

The extent of deformation just prior to and after
fracture for the sharpest notch (K,=8.3) is shown
in Figure 8. Photographs (a) and (b) were tuken
for specimen 18-B1 (recrystallized at 1800° () at
dufox r5.=0.965, und after fracture. Here we see
that the high biaxiality of stresses has extremely
limited the degree of plastic flow prior to fracture.
Yielding accurs now only in the immediate vicinity
of the notch. The photograph in (b) shows that
slightly more yielding occurred prior to fracture
but that the center portion of the specimen ix
essentially still elastic, after the crack has passed.
This illustrates rather vividdy that by far the
largest amount of energy cxpended in a ductile
cleavage fracture is associated with plastic flow
prior to fricture initiation and that little deforma-
tion nccurs during the propagation of the crack.
The ssine behavoir is obacrved in (¢) and (d) for
specimen 13-B2 (recrvstallized at 1,300° C). The
velding shown in (c) waa at o.foy rs =0.908
Again we see that plastic flow is very loralized but
more yielding did oceur before fracture as seen it
(1), We also notice that the specimen was under
u st degree of ecventrie londing; however, the
fracture is seen to initinte at the rotch which
underwent the least nmount of plastic fow. Thix
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(er Plistic shear steain, K,—3.7.

() Mastle shear strain, K,=1.93,

Fraenr 7. lwochromatie fringes for wranght stpessepeliovsd material, 2X.

specimen was the only one observed to fracture
ot of the windienm seetion, The ernck  seen
emuanncing from the lelt hinnd noteh occurred in
the conting only and notin the metal, Comparing
feee il (b with G wed (I we see that there is
very Litle differenes in the nmount of plastie How
priov to fracture,  If we reenll that the 13002 ¢
annenled caaterinl exhibited 47 percent olongation
i the smootdy tensile test wod that the 1.800° ¢
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annealed materinl had 5 pereent clongation, we
enn see that duetility measured under @ uniaxial
stale of stress has litthe or ne bearing on the
duetility ohsersed prior 1o fracture unde: a binxial
stnte of stress,

The strain-hardening sxponent (n) was deter-
mined for the 1.300° € annealed material and the
wrotught  steess-pelioved  materinl - "hete was
insuflicient strain prior 10 fracture te determinge »
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e N anended-- L,300° ¢, Judt prior to frreture,

for the two lneger grain sized minterinls,  The
wtrain-lmelening  exponent (n) wuas detormined
fronn the empivienl velatioaship a - K8 which hus
heen tound to adequntely deseribe the plastie

naniintr a2 £

(Y Annealed—-1,3M° C, fracture,

Fravae s Tenchromatie fringes showing vielding {n the poervetallized materials, K, =800, 2%

stressestrnin helmvior of muny metals.  \ plot of
trnne stress (o) versus trie steain (8) on logarithnie
coordinates is o strnight Bne with slope n. The
vorflicient /' is equal o the trie stress at unit true
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strnin.  The resuuts obtained from these plots are
shown helow.
Wrought «tress-
relieved
10=0,057
K 138,000 psi

- . P
G N lUll(i SRV AV

1.300°% ¢ anneal
r=0.160
K=-103,000 psi

& nanx jond =1 i44

It an be shown that the true strain at the maxi-
mum load point is equal to n. Therefore, a test of
the adequaey of the actunl stress-strain response
for the partie: lnr material is to compare the values
of n with & at the maximum load. It can be seen
from the data above that the values are in reason-
ably good agreement.  The values of n are thus in
agreentent with the qualitativ « information from
the scress-strain enrves which indieated that the
recrystatlized matesiad strnin-hardened much more
readily than the wrought stress-relieved material.
The microhardness data in Table IT also indicates

teat Jittle or .no strain-hardening occurs in the,

wrought stress-relieved materin'.

The shear strain at the noteh root nt fracture
was ealeulnted from the isochromatic data and is
presented in Tables 11 IV and V. These are
vilues of plastic shear strain observed just prior
to fracture. In cases where the plastic strain
pattern was not ohserved near the fracture load no
data are presented.  Although the data are limited
it is apparent that the plastic strain at the root of
the noteh just prior to fracture decreases sharply
with increasing stress concentration factor. This
is indicative of increasing biaxiality at the noteh
root with increasing stress concentration factor.

The notch yield strength values presented in
Tables HT, IV and V require some explanation
and analysis. These values were oblained by
determining the nominal stress in the notch sece-
tion, when yielding was first observed at the root
of the notch.  Yielding at the rcot of the noteh is
defined here us occurring when the plastic shear
strain at the notch root is equal to 0.3 percent
(the first frinee). This is, of course, not the
vield stress or yield point load as defined by IHill
(36) and others as the load when the plastic
encluves have just proceeded ncross the entire
notch section,  This yield stress will be discussed
in more detuil Inter.  Defining imtinl yielding an
oceurring when 023 perecent strain is reached at
the noteh root has several advaitages  Firai of
all the first fringe which in equal (0 0.4 pereent
shenr strain is very accurntely und rendily deter-
mined.  Secondly, 0.3 pereent shear strafu at the
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notch root corresponds closely with the 6.2 percent
offset yield stress in the smooth tensile test. It
can be shown from elusticity theory that ¢, at &
free surface is as follows:

¢ ——‘-':—.‘.3::—-—1-
Y4

s Eq. (7)
where v is Poisson’s ratio. If » is asaumed equal
to 0.5 in the plastic runge we see that ¢=0.003/
1.5=0.002 or 0.2 percent strain at the frec surface
of the rotch root. Thus as defined yielding at
the notch root surface is similiar to the common
0.2 percent offset technique used for uniaxial
tension. The estimated accuracy of the nolch
yield stress vulues presented in the tablesis £ 1,500
psi. Two interesting ohservations are made.
The data indicate that for a given material con-
dition, yielding at the notch roct occurs at the
same nominal stress level irrespective of K,
Secondly, this stress level corresponds reasonably
well with the ;ield stress in the unnotched speci-
mens. Thus it appears that the materiul at the
notch root is ignoring the effect of the stress
concentration factor. From elastic considerations
it is expected and usually assumed that plastic
deformation begins at the root of the notch when
the nominal stress level is equal to the yield stress
of the unnotched material divided by the theoreti-
cal stress concentration factor (o.=0,,/K)).
This we see was not found to be true experi-
mentally. Thus it appears that the material
surrounding the notch root region is very effec-
tively constraining this region and rot allowing
it to behave in = uniaxial manner. It may be
argued that if a very small strain gage were placed
in the notch root to measure ¢ directly on the
notch surface rather than on the surface of the
sheet, results closer to those predicted by the
theory may te ohtained. This may be the case;
however, the yielding of an infinitely thin surface
layer of material would have very little effect on
the flow bel:avior of a structure of the size used
in this investigation,

It was mentioned previously that the yicld puint
load in notched specimens is usually dedrncd as the
lond at which yiclding just extends acioss the
entire noteh section.  Allen and Southwell (7)
have performed an clastic-plastic stress unalysis,
using na relaxation technique, and have predicted
the yicld point load for a non-strain-hardening
minterinl for o seniccircular and a V-notch of
A0 pereent noweh depth for both the care of plane
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strain and plane strese, 1t is of intersst to com-
pure the yield point loads predicted by Allen and
Southwell for the plane stress ease with those

exprrimentally deierncined in this study,  Thos
comparison is shown below.
Naieh Meterint ong,,.
Sewd-circular AMlen nd Southwell. 112
K, 1u3. Wrorght - 80 R 1.0y
Ke v Annealed- 1,300 ¢ IR E
V-noteh Alen and Soathwel) 1. 24
K, 37 Weonght-—x0 4t 1. 049
N, 3.5. Anncaled -~ 1,300 ¢ 1.12

Comparisons cam.ot be made for the sharp
notch (K',- 8.3) as the vield point lond was never
reached. The  elustic-plastic stress analysis is
seett 1o predict an inerease in the applied nominal
stress (g,) at the vield point as the noteh sharpness
is inereased. The data foo-both the wrought
stress-relieved materiul and the annealed inaterial,
iilowever, show that the notehed to unnotehed
vield stress ratio is apparently constant, regzardless
of the noteh sharpness. It is also noticed that
although the annealed material strain hardened
quite readily 1t does not seem to invalidate the
comparison even though the theory was predicted
for a non-strain-hardening materinl. The ob-
servation that the yvield point stress in the noteher
specimens was higher than the vield stress in the
unnotched specimens is expluined by the fact that
the contraction in sheet thickness which ordinarily
accompanics a uniform axial extension is restricted
by the larger adjoining bulk of essentially clastic
material in the notch region. This produces a
transverse tensile stress which in turn reduces the
necessairy shear stress for yielding and thus the
nominal axial stress must be increased. In this
conncetion, Orowan (37) has defined a noteh or
“plastic constraint factor.””  He defines the mean
constraint factor as being equal to the ratio of the
nominal stress in the noteh scction at the vield
point to the uninxial vield stress.  fle defines the
muximum construint factor as the ratio of the
higrhest value of o, in the noteh scetion to the
uninxinl  yicld stress. Orowan has ealeulated
that the maxunum constraint factor of an ideally
plastie materinl is about 3.3, and the mean con-
straint factor about 2.9,  The maximum, as well
s the mean, constraint factor for tle two-.
dimensional ideal noteh in an ideally plastic solid
was enleuluted to be 2,67, Thua, no notch or
erack enn, from plastic constraint, raise the tensile
stress nbove 2,57 or 3.3 (approximately 3) timen
the umaxind yvield < reas.  From the datu presented

ubove, it was seen that for both the wrou;ht
stress-relieved  materinl and  the reerystallized
mnterinl that the mean constraint factor wus about
1.1.  This low plastic construint factor is indice-
tive of the observed bebmvior that very Little
plastic flow o curred prior to cleuvage fracture
We saw that the sharp notch specimens fractured
before the yvield point load was reacked, and that
in the most ductile noteh fractures oniy about 2.5
pereent strain was observed at the notch root.
It wiil be shown later that the plastic constraint
factor in the vield region at the root of the notch
ean be about twice as large as this mean constraint
factor in the notch section.

While several investigators have »pplied an
clustic analyvsis 1o the state of stress and strain at
the root of a oteh or the tip of a crack in tencion,
very little hins heen done in the way of an elastic-
plastic stress analysis. ‘The principal exception to
this is the extencive analysis of Allen and South-
well (7) who have applied an clastic- plustic analy-
sis (o the problems of v-notched and semicircular
notched tensile burs under conditivas of both plane
strain and plene stress.  The relaxxtion procedures
used by Allenn and Southwell have been extended
to the case of an externally crncked tensile bar
subjected to plane strain by Jacobs (8). Recently,
Stimpson and Eaton (6) have applied an elastic-
plastic strecs analysis to the case of an externally
erucked tensile specimen under plane stress condi-
tions. The plastic enclaves determined expen-
mentally in this study allow a compnarison to be
made with the theoretical results irom the elastic-
plastic analysis by Allen and Southwell and
Stimpson and Eaton. The results are compared
for the wiought stress-telieved material with
K,=3.7. It was shown before that the wrought
stressed-refieved matorial is a verv good approxi-
mation to a non-strain-hardeaing material which
is o1 assumplion used ia the elnstic-plastic analysis.
The exprrimental enclaves determined in this
study are shown in Figure 9.

The yielding is shown (o prooress away from the
notch root ns the nominal stress ir: the notch sec-
tion (o,) is incrensed. The enclaves are shown
quantitatively as » function of the octahedral shear
strens (r.), an in the elastic-plastic analysis, the
octrhiedral shear limitation of the von Mises-
Heu cky theory is chosen na the yield criterion.
‘This eriterion states that yielding first occurs when
any combination of the principal streases reaches a

eritical (constant) valwe.
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(3reer)? = {m— ) = (63— 0,)° +~ (a3—a,) Eq. (8)

In stinple tension r,,=12/30;, OF r,:=0.471a,,
where ¢, is the vield stress.  The theoreiical plastic
enclaves nre shown in Figures 10 and 11.  The en-
claves nre shown for one qundmut of the notched
seetion and the Y axis is the tensile direction.
Figure 10 shows the sequence of plastic yielding
for the 90° v-notch of Allen and Southwell and the
erack notch specitmen of Stimpson and Eaton is
shown in Figure 11. Both qualitatively and
qunntitatively there appears to be good agree-
ment.  The experimentally determined enclaves,
however, uppear ‘o be more pinched along the
notch waist than those predicted for the v-netch.
It is also observed that they climb back along the
notch side which was not predicted for the
v-notch. A quantitative companson of the
enclave areas as a function of applied stress of
Allen and Southwell and Stimpson and Eaton has
recently been made by Williams (9). This com-
parison uloig with the experimental results of
this study arc shown in Figure 12. The cnclave
aren per quadrant, where d is the noteh width,
is shown ns n function of the ratio e.ir..,. The
agreement between the experimental and the
theoroticul elastic-plastic results ix seen to be
very good. [t was atated previously that r,,,=
v2f3 o,, in simple tension, or e,, =2.120,..
thus we see in Figure 12 that when the nominal
stress in the noteh seetion becomes equnl to the
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smooth tetisile stress, there is o rapid incrense
in the amount of yielding.

The woih of Stizapser and Eaton has aleo shown
that the axial stress in the notch section incrensed
from thc 760t of ihe notch to a maximum value, at
the elnstic-plastie interface, equal to nbout 2.:
times the uniaxial yiekd stress. Thus, the maxi-
mum plastic cons'raint factor in the vield region
nt the erack tip is 2.3, This calculation was made
for n value of the nominal stress equal to 2,16 1.,
oru,- 1.02¢,,. Theexteni of the yield region for
this value js shown in Figure 11 a8 o, This yicld
region is guite similar to the yield region in Figure
S(a) for IX, S8, For the yiekl veglon shown in
Fignre 8(n) the value of the nominal stress in the
noich section is 2.1 r,,, 6i 2, 0.03 a,,. "These
figures indieate that it is reasonable to compare
the results of the elastic-plastic stress annlysis for
the erneked specimen 1o those for the sharply
notehed wpecimer, Thus, the axial stress at the

clastic-plastic interface shown for the 1.500° (°
annealed material in Figure 8(a) should be about
2¢, ., or somewhat less than the 2.3 value for ihe
erncked specimen.  ‘The value of the shoar strain
to cause this plastic constraint is about 0.3 per=cn’.
The enclave shiown in Figure 7(b) fer ihe wrouzht
stress-relieved material, which is o5 in Figure €, is
perhups a better comparison with the ¢, enclave
iu the cracked specimen in Figure 11.  Therefore,
the ratio of the axial stress to the uniaxial yield
stresz should "be ahout 2.3 at this elastic-plasti~
interface. We demonstreted earlier that the mean
plastic constraint factor for K,=3.7 was about 1.1.
Thus, we see that while the mean piustic constraint
factor can be quite low, that in the flow region ¢
the root of the noteh the plastic constraint facter
can be considernbly higher, and as was shown for
the sharp notch the magnitude of the strain neces-
sary to raise the axial stress to abont 24, | ie quite
swmall. This obeervation is quite important as it
illustintes that only a small amount of strain is
‘necessaty to eause a considerable increase in the
axial stress at tize tip of a notch or crack, which
will obviously play an important role in the frac-
ture initiation process, when cracks initiate by
cleavage. This maximum plastic constraint factor
would he expected to be larger and closer to
Orowan's value of 3 for a triaxial stress condition.
[t is interesting to note here that these experi-
mental observations were realized ecarlier by Cot-
trell. Tt was Orowan’s maximur. plastic constraint
factor which provided the basis for Cottrell's value
of 5 equal approximately to Y in his ductile-brittle
transition criterion cxpressed in Equation (4).
Cotirell stated that the localized plastic strain
needed to raise the tensile siress by a factar of 3 i<
small and of the same onlder as the clastic strain.
He thus applicd the plustic constraint arenment
on n microscopic scale and in the derivation of
Equation (4) stated that the microscopic tensile
stress aciing cn the two intersectling siip pianes
will be increased by the factor 3 or equivalently
change 3 io %.

At least two investigntors have anplied clastie.
plastic stress analygis sol tions to the problem of
fracture initiation in cvlindrieal notehed tensile
boaps. Hendricheon, Wood, and Clark (39) hav e
applicd Allewand Southwell’s plane sirain analysis
in studying feacture initintion in round notched
tensile specitiens of  an annealed  low-carbon
steel at low tetperatures,  Their results showed
that  the maximin  tensile stresx within the
speeinen oceurred st the elastic-plastic interiace
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below the root of the notch. Their results also
indicated that brittle fracture initinted at the
clastic-plastic interface when the stress there
reached a2 maximum  eritical value, and that
this eritical stress was independent of temperature
and rate of loading. The location of the elastic-
plastic interface was verified by microhardness
studies; however, no metallographic evidenee was
presented to show that the fracture did indeed
initinte  at  the clastic-plastic  interface. This
premise is supported indirectly, however, by the
work of Troiano (39), who in studying the effect
of hydrogen on the delayed failure behavior of
steel and other alloys, found in sustained load
tests on hydrogenerated notehed specimens that
cracks initiated below the notch root in the region
of highest triaxiality ol stresses. In studying
fracture initiation in creep-rupture studies of
notched specimens, Mirkin and Trunin (40) also
found that the maximum tensile stress occurred
al the clastic-plastic interface. In their study,
metallographic evidence showed that microeracks
did indeed initiate at the clastic-plastic boundary.

Elastic-plastic stress analysis results have shown
that the maximum transverse or radial stress
also occurs at the clastic-plastic interface. This
result is experimentally verified in this work by
the isoclinic duta which was obtained from the
photoclestic coaling studics. From principles of
photo-clasticity, Frocht (47) has shown that
where the zero isoclinic (locus of points along
which the principal stress o, is parallel to the
tensile axis) intersects the axis of symmetry, the
transverse (o;) stresses must have maximmum or
minimum values. By comparing the zero degree
isoclinics for elastic loads and after yielding had
occurred, it was observed that the zero isoclinic
intersected the horizontal axis at the elastic-plastic
interfluce indicated by the first fringe. Thus,
o, a8 well as ¢, rcaches a maximum value at the
clastic-plastic interface and, therefore, a hydro-
static state of tension would tend to favor fracture
initiation at this location. It is interesting to
note that the two studies mentioned above that
hiave shown mectallographically that microcracks
initiate below the root of the notch have both
utilized sustained loading techniques. That -
crocracks are easier to detect with this type of
loading in contrast to monotonic loading is
readily apparent. [In this respect, it is also felt

that the tandem notch specimens used in this

study should be a valuable tool in locating the
site of crack initiation with the added advantage
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of being able to vary the loading rate when
this variable is of importance. In this study, it
has becn shown that cracking initiated at. the
notch root surface at grain boundary sites.
That crack initiation was not observed to be
associated with the elastic-plastic interface is not
surprising when once considers molybdenum’s
low resistunce to cleavage crack initiation and
the sunll amount ol plastic flow tha! was observed
in these specimens,  For tlie two sharper notches
it is recalled that the maximum wnount of strain
that was observed was about 1.5 percent and in
no case was any reduction in sicet thickness
observed nor was there any indicalion of a shear
lip. Another important factor is that the biaxial
state of stress in a sheet speciimer woild not be
expected to be nearly as effective in promoting
crack initiation as the triaxial state of stress in
notched cylindrical specimens which were used
by both Troiano and Mirkin and Trunin.

ENERGY OF DEFORMATION DURING
FRACTURE

Let us now look at another aspect of this com-
plex [racture problem and consider the energy of
deformation during fracture. It was stated earlier
that the energy expended in the total fracture proc-
ess can be broken into two parts: that which
occurs in plastic flow prior to crack initiation and
that which occurs during the propagation of the
crack. It was concluded previously from the
initial yielding studies that for these specimens, all
of the detectable yielding occurred prior to crack
initiation. Let us now treat the matter in & some-
what more qurntitative manner. The effective
surface energies for crack propagation which were

‘calculated earlier may be misleading for two rea-

sons. First, the precise critical crack size was not
able to be obtained and secondly the effective
surface energy expressed as energy per unit area
of cracked surfare does not. allow us to determine
the energy expended in plastic flow either prior to
or during crack propagation which occurs in a unit
volume of the material and not. on a unit surface.
Moser (42) in 1924, in a study of the interpretation
of notched bar impact tests resulls, demonstrated
that the quaatity of energy absorbed by the unit
of volume of material undergoing deformation is &
constant for a given material and is thus a material
characteristic. The value of the “work-constant’
of the unit volume was independent of the size of
the specimen and the shape of the notch and could




ounly be changed by changing the nature of the
material, such as different heat treatments. This
principle must certainly be general and, therefore,
applicable to the tensile case. Hahn (43) has
pointed -out that the effective surfnce energies de-
termined either from the Griffith-Orowan or the
Griffith-Trwin. treatments are not a basic material
property but a function of yield strength, delayed
yield effects, work hardening, plastic constraint
and effertive surface cnergy. It has also been
pointed out by Wessel (43), that [racture energy
measurements should be related to the volume of
affected metal and not the unit arca of the frac-
tured surface.

In light of the above discussion, it is tempting

to try to estimate the energy per unit voluine in-
volved in plastic flow prior to fracture in the
notched tensile specimens. The energy expended
in yielding of the notched specimens can be esti-
mated from knowing the volume of deformed
metal, the mean stress (v.) acting on the de-
formed volume and the mean strain (e.) in the
deformed volume. Thus, the work function or
the energy per unit volume (W) can be estimated
from

W, =0 tn Eq. (9)
In Equation (9) an ideally plastic stress-strain
curve is assumed. Calculations of these quantities
are made for the sharp notch (Kt{=8.3) specimen
of the 1,800° C recrystallized material where the
deformation is confined to the immediate vicinity
of the notch root. The isochromatic data reveal
that the mean shear strain (y.) in the yielded
region is approximately 0.003 inch per inch. It
has been shown theoretically and recently ex-
perimentally (44) that a plane strain region exists
beneath the root of a sharp notch; therefore, it can
safely be assumed that ew=vm. An estimate of
o i8 8 little more difficult; however, we know that
the stress at the root of the notch cannot be less
than the yield stress of the material (35,900 psi),
and from elastic-plastic stress analysis results we
know that the tensile stress increases across the
yield region to a maximum value at the elastic-
rlastic interface. It is worth noting here that this
fact has not been recognized by many investi-
gators who usually assume that the tensile stress
is & constant value equal to the yield stress in the
plastic flow region nt the tip of a crack or a notch.
This is not the case, however, and the elastic
stress gradient is.reversed alter yielding occurs and

the stress increnses as you proceed away from the
notch across the yielded region.

The tensile stress in the plastic range can be
expressed by

¢|='I_B;‘g {6 +re) Eq. (10)

where ¢ is Poisson's ratio equal to 1/2;and D is the
plastic modulus determined from the slope of the
stress-strain curve at a strain value of 0.003 inch
per inch. The use of engineering stresses and
engineering strains is n valid assumption as we
are denling with smanll values of plastic strain.
For large plastic strains, true stresses and true
strains must be used. From Equation (10)g, is
culculuted to be 48,500 psi. From the elastic-
plastic stress analysis of an externally cracked
specimen, Stimpson and Eaton show that g, in
the plastic flow region should be about twice the
upplied stress. If this result is applied to the
sharp notched specimen in this case, o, is deter-
mined to be 67,000 psi. Thus, the value of o,
calculated to be 48,500 psi seems reasonable.
If we now put the values of ¢,=48,500 psi and
€¢x=0.003 inch per inch into Equation (10) and
multiply by 2 to account for both notches, we
calculate W, to be 2.0X 10" ergs/cm®. This work
function cun be compared with the area under the
smooth tensile stress-strain curve which is the
energy nbsorbed per unit volume in fracturing.
This nrea was measured and the work function
was calculated to be 1.2)X10* ergs/fem®. By
comparison, the area under the stress-strain curve
for the 2,100° C annealed material was found to
be 1.3 107 ergs/cim®.  Admittedly, these calcula-
tions are quite approximate; however, there is at
least sufficient agreement to suggest that this is a
(ruitful avenue of npproach and warrants more
highly refined experiments, so that a precise
knowledge of the stored energy in the system is
known at the onset of rapid fractare. Knowledge
of a true material characteristic such as the work
function which is independent of test conditions
and specimen shape would be invaluable to the
materials engineer.

ETCH PIT STUDIES

‘The final portion of this investigation deals with
dislocation density mensurements determined by
etch pit techniques. [t was hoped that the strain
distribution at the roots of the notched specimens
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could be studied by dislocation density measure-
ments. A comprehensive investigation of etch
pit techniques for revenling dislocations and
subgrains in molybdenum has been conducted
by Adams et al,, (49). The etch pit studies were
carried out on both the tundem notch specimens
und the smooth tensile specimiens for the 1,300° ¢
and 1,800° ' anneuled muterinls, The specimens
were heated in hydrogen at 950 € for 30 minutes
prior to the electrolytic polishing and chemical
etehing technique desceribed in the experimental
procedure.  The caleulated dislocation densities
are listed below. Al of the ctch pit observations
were made at a magnification of 1800x.

Dislocation
¢ drain  density lines/
Material condition cm?
Annealed—1,300° C.. ... 0 5.4%107
Anpealed—1,300°C ... . 16 ...
Anncaled 1,800° C.. 0 3.1 10°
Annealed-- 1,800° C 3.4 9.4¥I0F

The dnta listed ubove was obtained from the
stooth tensile specimens, The etch pits for the
1,300° C annealed material struined 16 percent
and for the wrought stress-relieved material
hoth struined and unstrained were too dense to
count. Substructure formmtion was observed in
these specimens. The inerense in dislocation
density  with percent strain is illustrated in
figure 13.

The etch pit investigations at the root of the
sharply notched specimens in the section which
did not fail, revealed that there was no increase
in density over the annealed condition for both
the 1,300° C and 1,800° (' material conditions.
This result is expected when we recall that the
maximum straio at the root of the sharply notched
specimens was about 0.5 percent dnd for the
1,800°% €' eondition it was observed that the dis-
location density increased only by a factor of 3
for a strain of 3.4 percent. It appears from this
very limited etch pit study that a quantitative

=inassurement of strain at the root of a sharp

notch in recrystallized molybdenum would be dif-,

ficult to obtain from dislocation density measure-
ments. A more complete investigation should be
conducted, however, so that the precise disloca-
tion multiplication rate can be determined,

SUMMARY

This is not intended to be a comprehensive
summary of all the test results but merely an
attempt to assemble together the results concern-
ing the nature of fracture in the notched specimens
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(a) 0% strain,

(H) 3.4% strain.

Fiavre 13.  Etch pite in 1,800° C—Anpealed material
with varying amounts of strain, 1800X.

of polycrystalline molybdenum sheets. From the
initial yielding studies and also from the fracture
and yield stress data in Figure 5 it is seen that
fracture is always preceded by yielding and that
the yielding is quite local for the sharp notch.
Thus, plastic flow is an essential condition for
fracture under these conditions. It was also seen,
however, that fracture occurred at the notch root
bottom but the region of greatest strain energy
and largest amount of plastic flow was located
away from the notch bottom at some acute angle
from the horizontal notch axis.

It was shown in Figure 8(d) that fracture initi-
ated at the notch with the least amount of plastic
flow. It seems therefore, that yielding or plastic

strain is an essential condition for fracture but not
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the governing factor in initintion in this case. It
was also demonstrated that initin] yielding at the
notch root occurred at the same nominal stress
level independent of K, vet the notched snmples
were considernbly more brittic than the smooth
samples, ns both the magnitude of strain and
stress nt fracture were decrensed in the presence
of a notch.

In Figure 5 it is clear that the decreuse in frue-
ture strength due to the presence of n notch is
greatest for the inost ductile materiul condition
and that this effect ditminishes with inerensing nin-
terinl brittleness. This evidence seems to lead to
the conclusion that plastic constraint must be the
important fuctor in governing fracture behavior in
these notched specimens. It hus been shown that
for the sharp notch specimens, plastic constraint
cun increase the local uxinl stress beneath the
notch root to a value of ubout two times the yield
stress at the notch root surface and that this oc-
curs ut simall values of strain. That fructure was
not observed to initinte at the elustic-plustic inter-
fuce may well be due to the overriding importance
of the low cohesive strength of the grain boundary.
Also becuuse of the very low effective surfuce en-
ergy for fracture the importunce of internal stress
concentration factors at grain boundary intersec-
tions may well be playing an important role in
determining the fracture initiation site in these
specimens.

In terms of understanding notch behavior the
results obtained lend to some logical extensions of
this work. To understand further the importance

of plastic constraint, it would be desirable to dupli-

cate these tests using sheet thickness as n variable
and going to very thin sheets. The role of the
elastic-plastic interface might be clarified by con-
ducting similar tests over a range of temperatures.
It would also be highly desirable to conduct bi-
crystal experiments to determine the role of the
grain boundary and the grain boundary precipitate
in governing fracture initiation behavior.

CONCLUSIONS

1. Fracture in notched recrystallized inolybde-
num initiates at grain boundary sites at the notch
root surface and propagates almost entirely by
transgranular cleavage.

2. For relatively ductile fine grained molybde-

num the general effect of increasing notch severity
is to decrense the fracture strength by inhibiting
plastic flow; however, for the larger grain size
recrystallized material in which the ability to flow
plastically is reduced, the detrimental effects of
increasing notch severity are lessened.

3. Tundem notch specimens have been shown
to be a helpful tool in studying fracture initiation.

4. Analysis of the sinooth tensile properties for
the recrystallized materinl, according to the
Griffith-Orowan theory for «rack propagation and
the Cottrell criterion for crack initiation, show
that the effective surface energies lor ¢crack propa-
gution and crack initintion are the same order of
magnitude, which is 10° ergs/em?.  This finding is
supported by the experimental observation that
no microcracks were found.

3. Photoelastic coatings have been shown to be
u useful tool in studying initial yielding in notched
sheet tensile specimens.

6. Plastic flow regions determined. experimen-
tally from the photoelastic coating studies have
been shown to be in good agreement, both qual-
itatively and quantitatively, with theoretical
results predicted by elastic-plastic stress analysis.

7. The initial yielding studies have shown that
the volume of plustically deformed metal de-
creuses as the stress concentration factor increases,
and that all of the detectable yielding occurs prior
to crack initiation.

8. Initial yielding at the notch root was found
to occur at the same nominal stress level for a
given material condition, independent of the mag-
nitude of the stress concentration factor. This
nomina] stress in the notch section was very
nearly equal to the smooth tensile yield stress.

9. Limited dislocation density measurements
determined by etch-pit techniques reveal that a
quantitative measurement of strain at the root of

a sharp notch in recrystallized molybdenum is -

difficult to obtain by such a technique. It is felt,
however, that a more complete investigation is
necessary in order that a precise dislocation
multiplication rate can be determined.
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